A Study on Performance and Durability of Polyamide-based Membranes Fabricated by Molecular Layer-by-Layer Assembly and Interfacial Polymerization for Desalination by Gu, Joung-Eun
  
저작자표시-비영리-변경금지 2.0 대한민국 
이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게 
l 이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.  
다음과 같은 조건을 따라야 합니다: 
l 귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.  
l 저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.  
저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다. 
이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.  
Disclaimer  
  
  
저작자표시. 귀하는 원저작자를 표시하여야 합니다. 
비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다. 
변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다. 
  
 
 
 
A Study on Performance and Durability of 
Polyamide-based Membranes Fabricated by 
Molecular Layer-by-Layer Assembly and Interfacial 
Polymerization for Desalination 
 
 
 
 
 
 
 
 
Joung-Eun Gu 
 
 
 
 
 
 
 
 
 
 
 
Department of Urban and Environmental Engineering 
(Environmental Science and Engineering) 
 
Graduate school of UNIST 
 
 
 
  
 
 
A Study on Performance and Durability of 
Polyamide-based Membranes Fabricated by 
Molecular Layer-by-Layer Assembly and Interfacial 
Polymerization for Desalination 
 
 
 
 
 
 
 
A dissertation 
submitted to the Graduate School of UNIST 
in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy 
 
 
 
 
 
 
 
 
 
Joung-Eun Gu 
 
 
 
 
1. 5. 2015 
Approved by 
 
_________________________ 
Advisor 
Young-Nam Kwon 
  
 
A Study on Performance and Durability of 
Polyamide-based Membranes Fabricated by 
Molecular Layer-by-Layer Assembly and Interfacial 
Polymerization for Desalination 
 
 
 
 
Joung-Eun Gu 
 
 
This certifies that the dissertation of Joung-Eun Gu is 
approved. 
 
1. 5. 2015 
 
 
  
___________________________ 
Advisor:  Young-Nam Kwon 
 
 
___________________________ 
                 In-Chul Kim  
 
 
___________________________ 
                 Changha Lee  
 
 
___________________________ 
                                          Chang Soo Lee 
 
 
___________________________ 
                                             Kyung Hwa Cho  
 i 
 
Abstract 
 
Most available reverse osmosis (RO) membranes are based on the thin film composite (TFC) 
aromatic polyamide (PA) membranes fabricated by interfacial polymerization (IP). However, they 
have several disadvantages including low resistance to fouling, low chemical and thermal stabilities 
and limited chlorine tolerance. To improve these problems of PA membrane, new fabrication approach 
such as Molecular Layer-by-Layer (MLbL) assembly have been introduced for RO membrane. The 
following projects had accomplished from my research. 
The first project of this study was to systematically characterize the PA membrane fabricated via IP. 
The surface morphologies of commercial and a lab-made aromatic PA membrane were investigated in 
order to understand the PA membrane properties via IP using scanning electron microscopy (SEM) 
and atomic force microscopy (AFM) etc. The crosslinked IP-PA membranes indicated a high level of 
roughness and ridge-and-valley morphology which is prone to fouling and need to be washed 
periodically using oxidants. However, the PA-based membranes can be degraded by exposure to those 
agents, especially chlorine, for controlling biofouling. Therefore, this study evaluates the change on 
durability of PA membrane caused by chlorination. The performance variation of PA membrane via IP 
was investigated by chlorination in both pressurized and unpressurized modes. This study proposed a 
mechanism that can explain the performance discrepancy between the two modes: pressurized and 
unpressurized chlorination. Chlorination in an unpressurized mode showed a flow increase at high pH 
and a flux decline at low pH due to the compaction and swelling of the PA chains, respectively. On the 
other hand, chlorination performed in a pressurized mode decreased the water in both acidic and 
alkaline conditions, showing that compaction is overwhelming compared to swelling. The 
permeability of HOCl, a dominant species at low pH, through the PA membrane was pH independent 
and almost similar to the system recovery, but the permeability of OCl
-
, which is dominant at high pH, 
was maxima at a neutral pH. The different performance behaviors of membranes chlorinated at 
various pH conditions in the presence or absence of applied pressure could be explained by the 
permeability of chlorine species and compaction/swelling of polymer chains after chlorination. The 
effect of membrane chlorination on the chemical property changes at the two different modes was 
confirmed using attenuated total reflection Fourier transform infrared analysis, and a conceptual 
model of performance change was proposed to explain the performance discrepancy between the two 
chlorination modes.  
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The secondary research was to demonstrate the successful fabrication of MLbL-assembled PA-
based membrane for desalination. With the selective layer itself, the interface between the selective 
layer and the support layer is known to affect the subsequent membrane performance and therefore, 
understanding the effect of interlayer is critically important to achieve the desirable separation 
performance. The MLbL-assembled PA membrane formed directly on both the pristine and the 
hydrolyzed polyacrylonitrile (PAN) supports exhibited undesirable separation performance mostly 
due to the deposition of monomers within open pores of the support, necessitating the introduction of 
the interlayer. The MLbL layers were fabricated on supports coated by three different interlayers 
including interfacially polymerized polypiperazine (PIPA), crosslinked poly(ethyleneimine) (PEI) 
(xPEI), or the polyelectrolyte bilayer of PEI and poly(acrylic acid) (PAA) (PEI/PAA). Although the 
presence of the PIPA interlayer greatly reduced the MLbL cycle number to reach the plateau rejection 
value compared to the case without interlayer, the maximum attainable NaCl rejection was still 
unsatisfactory for RO application. Meanwhile, the PEI/PAA of PEI-based interlayers attributed to 
produce the MLbL-assembled PA selective layer with smooth morphology and high performance 
applicable to desalination.  
The tertiary research reported on the successful design, construction, and performance of MLbL 
membranes and demonstrated that these materials exceed the performance of membranes synthesized 
through conventional IP. I conducted MLbL assembly using traditional monomers in RO membrane 
fabrication (i.e., MPD and TMC), which are rigid aromatic monomers that display relatively low 
fractional free volume upon network formation. The MLbL process produced highly selective PA 
layers with precisely-controlled thickness, minimal surface roughness, and well-defined chemical 
composition. As a result, only 15 cycles of MLbL assembly were needed to achieve the targeted NaCl 
rejection while the flux was about 75% greater than a traditional interfacially polymerized PA 
membrane. The high salt rejection demonstrates that the structure of the MLbL selective layer is 
sufficiently similar to traditional IP, while the reduced thickness of the selective layer equated to a 
reduced hydraulic resistance and shorter diffusive path length for water to pass through the membrane. 
Additionally, I showed that the reduced surface roughness and chemical homogeneity achieved by 
MLbL mitigated membrane fouling. 
The fourth work demonstrated the broad applicability of MLbL in fabricating a variety of PA-based 
water desalination membranes with nanoscale control of the selective layer thickness and roughness 
independent of the specific PA chemistry. This research demonstrated that MLbL enables fabrication 
of various PA-based membranes with well-defined and deconvoluted intrinsic and extrinsic properties. 
The MLbL approach provides a rational and tailor-made approach to designing water desalination 
membranes that can satisfy the performance requirements for a particular application. One other 
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subtle but important attribute of MLbL is that it is an all organic solvent synthesis, which implies that 
MLbL is not limited to the current set of triacid chloride and diamine monomer chemistries. 
Scalability remains the primary drawback for MLbL since the slow growth rate of the selective layer 
is not practical for commercial implementation. Work is currently underway to explore the use of 
multifunctional monomers that can significantly improve the growth rate of the selective layer while 
maintaining the key attributes of MLbL. 
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CHAPTER I 
INTRODUCTION 
 
 
1.1  Advanced membrane technologies for desalination 
 
Membrane separation is a physical process to facilitate the separation of the liquid or gas mixtures 
using a semi-permeable barrier between two phases, and it has grown to be a core technology to clean 
and safe water in the industry for water purification, wastewater reclamation, and seawater 
desalination. (Gin and Noble, 2011, Henmi et al., 2012, Park et al., 2012a, Peng et al., 2009). 
Seawater desalination and water treatment using membranes have become one of the most energy-
efficient technologies for creating sustainable water supplies. Reverse osmosis (RO) is an important 
membrane technology and widely used in desalination and industrial wastewater treatment. RO 
process allows the passage of water molecules but not the dissolved salts through the membrane, and 
a hydraulic pressure is applied to overcome the osmotic pressure on the feed water. Figure1.1 is a 
diagram of RO process. The applied pressure to the feed solution, higher than osmotic pressure, forces 
the water molecules across the RO membrane not allowed to pass the salts. 
 
 
Figure 1.1. Schematic diagram of reverse osmosis process 
 
 
State-of-the-art commercial RO membranes utilize a thin film composite (TFC) design consisting of 
a highly crosslinked polyamide (PA) selective layer on a microporous polymeric support, wherein 
separation of water from solutes occurs through the dense PA layer (Elimelech and Phillip, 2011).  
The TFC aromatic PA membrane is the most popular commercial membrane since it has good 
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selectivity and superior thermal/mechanical properties (Kawai et al., 2004). A typical composite PA 
RO membrane as commercially produced today is shown schematically in Figure 1.2 (Kim et al., 
2005) and contains three layers: a non-woven fabric as the support (about 150 µm thick), a 
microporous polysulfone support (about 40 µm thick), and a selective ultra-thin barrier layer (about 
200 nm thick). Membrane performance is determined predominantly by the topmost PA selective layer. 
This selective layer is conventionally prepared via interfacial polymerization (IP) of trimesoyl 
chloride (TMC) in organic phase and m-phenylnediamine (MPD) in aqueous phase on a porous 
support (Cadotte et al., 1981). When the immiscible aqueous and organic phases are brought into 
contact, two monomers immediately react at the interface to form a highly crosslinked PA layer. The 
IP process produces an ultrathin PA layer with a film thickness of around 200 nm (Kim et al., 2005). 
 
 
 
 
Figure1.2. Schematic of thin-film-composite(TFC) aromatic polyamide (PA) membrane. The non-
woven fabric (~150µm) is coated with athin layer of microporous polysulfone (~60µm)and the 
interfacially polymerized polyamide (PA) selective layer (~200 nm) (Kim et al., 2005) 
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1.2  Polyamide thin film composites fabricated via the traditional 
interfacial polymerization approach  
 
The PA selective layers of current state-of-the-art TFC membranes are made by variations of the IP 
technique that was pioneered by Cadotte in the late 70s (Cadotte et al., 1981). The typical IP process 
involves impregnating a porous polymeric support with an aqueous diamine solution and subsequent 
exposure to an organic triacid chloride solution (Figure 1.3). The performance of the membrane is 
mainly determined by the monomers used in the IP. Even small changes in the monomer’s structure 
can strongly influence the membrane properties. So far, the best results were obtained using TMC and 
MPD as monomers (Petersen, 1993), which results in the formation of a highly crosslinked, fully-
aromatic PA network (Elimelech and Phillip, 2011, Geise et al., 2010). The rapid reaction rate 
between the diamine and triacid chloride leads to the system quickly reaching a gel point, wherein 
subsequent diffusion of both monomers becomes restricted because the density of the PA layer 
increase with reaction time (Freger, 2003). In addition, many process parameters including the 
reactivity, diffusivity and solubility of the monomers and types of solvents affect the selective layer 
structure. Thus, IP produces selective layers that are highly depth-heterogeneous with limited control 
over film thickness and have ridge-and-valley structures, all of which confound our understanding of 
the membrane performance behavior and ultimately limit our ability to optimize permselectivity. The 
membrane performance and morphology is dependent on several synthesis conditions, such as 
concentration of reactants, reaction time and post treatments of the resulting films (Wu et al., 2006). 
Moreover, the surface roughness and pore dimension of the substrate membrane also have significant 
effects on the formation of the interfacial film. A schematic of the IP PA membranes is shown in 
Figure 1.3. 
A typical efficient TFC PA membrane is designed to achieve higher water flux and salt rejection with 
relatively low energy consumption for the separation. The higher water flux of PA membrane was 
attributed to higher hydrophilicity thriving form the carboxylic acid group formed by the hydrolysis of 
the acyl chloride groups (Roh and Khare, 2002, Prakash Rao et al., 2003). However, IP technique 
produces uncontrolled functionality of acyl chloride and surface morphology due to the rapid 
condensation polymerization between two monomers. 
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Figure 1.3. Interfacial polymerization (IP) of a polyamide (PA) thin film. 
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1.3  The limitations of polyamide membrane fabricated via IP 
 
IP satisfies many of the requirements for a commercial TFC because it facilitates scalable 
manufacturing of a dense and ultrathin PA semi-permeable membrane. Since the process variables are 
convoluted with one another in IP, it is not straightforward to control one property without affecting 
another property (Ghosh et al., 2008a). This complex IP process leads to difficulty in fabricating TFC 
membranes with well-defined and deconvoluted intrinsic and extrinsic properties. This IP process 
typically results in the formation of a relatively thick and rough (so called “ridge and valley” structure) 
PA selective layer with highly depth-heterogeneous structure. In addition to film thickness, properties 
including surface roughness, homogeneity of the PA network structure and chemical functionality are 
highly dependent on the process variables.  
Despite the superior performance of IP PA membrane, there are the drawbacks that the performance 
of the membrane decreases during separation process due to membrane fouling or deterioration of PA 
membrane. Fouling is the accumulation of contaminants, organic/inorganic foulants or 
microorganisms on the membrane surface, which results in the decreasing of water production, 
increased operational cost, and shortened membrane lifetime. The fouling is dependent upon the 
surface roughness, surface charge, hydrophobic interactions between the PA surface and some organic 
foulants. Especially colloidal fouling of IP-PA membranes is strongly influenced by the roughness of 
membrane surface. The valleys of rough PA surface can be “clogged” by small particles and thereby 
decreasing water permeability (Vrijenhoek et al., 2001). A smooth surface will be no “valley 
clogging”. Even though the same number of particles are accumulated, they would be more uniformly 
spaced resulting in less flux reduce (Vrijenhoek et al., 2001). Hydrophobicity and electrostatic charge 
effects of membrane on fouling are dependent on the character of the foulant. Hydrophobic 
interactions between a hydrophobic foulant and a hydrophobic membrane surface encourage fouling 
(Gilron et al., 2001). Therefore, improved surface hydrophilicity can decrease fouling attributed to 
attraction between hydrophobic membrane and foulant. Also, electrostatic charge of membrane is 
influential factor of the fouling due to attraction of the oppositely charged foulants toward the 
membrane surface (Louie et al., 2006). Membrane fouling causes a decreasing in the flux throughput 
or demand higher energy for RO process. Besides the physical and chemical cleaning such as 
hydraulic backwashing, brush cleaning and disinfection are employed to reduce membrane fouling.  
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1.4  Polyamide membrane and chlorination to control the biofouling 
 
To control the biological fouling of membrane, the addition of chlorine as cleaning agents and 
disinfectants can be adopted in municipal water treatment plants (Jadas-Hecart et al., 1992, Rajagopal 
et al., 2003, Wilde and Shealy, 1992). Sodium hypochlorite (NaOCl) is most usefully used in water 
disinfection because it is relatively cost effective and safe to treat (Glater et al., 1994). However, the 
chemical cleaning is aggressive to the amide bonds (-CO-NH-) of the PA membrane, causing 
membrane deterioration and performance decline. Sodium metabisulfite and sodium bisulfite are 
commonly used for the removal of free chlorine in the dechlorination step prior to the membrane 
filtration process. However, dissolved oxygen along with the chlorine in raw water can consume the 
reducing agents. Partial failure of the dechlorination process can result in the deterioration of PA 
membranes, making the whole membrane useless. Deterioration of the PA membrane due to chlorine 
exposure has been extensively studied. Glater and Zachariah (1985) proposed a shift of inter-
molecular to intra-molecular hydrogen bonding after chlorination (Glater and Zachariah Michael, 
1985). Koo et al. (1986) and Singh (1994) proposed chain cleavage of the PA membrane after 
chlorination (Koo et al., 1986, Singh, 1994). The performance decline caused by chlorination is likely 
due to the loss of structural integrity of the composing polymers within the membrane. However, most 
research on the chlorination of PA membranes has focused on investigating performance changes and 
membrane failure mechanisms that resulted from the chlorination in an unpressurized soaking test 
mode, even if the membranes were continuously exposed to chlorine under pressurized conditions in 
real water treatment plants. Furthermore, the mechanism of the different behavior of flux change after 
acidic and basic chlorination remains unclear. Mitrouli et al. (2010) showed that acidic solutions of 
sodium hypochlorite cause an extremely severe flux decline but that solutions of sodium hypochlorite 
at an elevated pH do not cause severe damage to the PA active layer (Mitrouli et al., 2010). Kang et al. 
(2007) evaluated membrane performance before and after hypochlorite exposure in a soaking mode 
and reported that membrane N-chlorinated PA amide can be regenerated to initial amide and 
subsequent flux increase with the alkaline hypochlorite treatment (Kang et al., 2007). The enhanced 
flux of membranes chlorinated in a controlled alkaline pH condition was also reported by Raval et al. 
(2010) (Raval et al., 2010). However, the cause of flux increase after chlorination in alkaline 
environment was not systematically explained. 
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1.5  The Molecular Layer-by-Layer (MLbL) Assembly for Membrane 
Fabrication 
 
In an effort to overcome the limitations of IP, spin-assisted MLbL was recently introduced as an 
alternative approach for generating ultrathin fully-aromatic crosslinked PA films with well-defined 
thickness and controlled roughness (Johnson et al., 2012b).  The MLbL approach is conceptually 
similar to spin-assisted layer-by-layer (LbL) assembly of oppositely charged polymer electrolytes 
(Hammond, 2004, Vozar et al., 2009). Well-established techniques to produce such films include 
Langmuir-Blodgett deposition and alternate adsorption of oppositely charged polyelectrolytes (Decher, 
1997, Sukhorukov et al., 1996, Ladam et al., 2001). Both of which are used extensively and studied 
intensively. Apart from these, LbL depositions of polymers based on coordination (Xiong et al., 1998), 
charge transfer (Shimazaki et al., 1997, Shimazaki et al., 1998), hydrogen bonding (Sun et al., 1992, 
Wang et al., 2000), and physical adsorption (Serizawa et al., 2002) are also employed as alternatives 
for polymer film fabrication.  
All the above-mentioned techniques are able to produce multilayer films with controlled thickness, 
tailored structure, or desired functionality; however, the films fabricated thus may not be stable or 
strong enough due to the relatively weak interlayer binding forces. In terms of stability or strength, 
multilayer polymeric films with covalent interlayer bonding (Kohli et al., 1998) are believed to be 
more advantageous since they are robust enough to withstand elevated temperatures, polar solvent 
attack, mechanical wear and abrasion, etc (Zhang et al., 2005). 
Instead of using two different polymers to build a film, MLbL builds the film one molecular layer at 
a time via deposition and instantaneous reaction of alternating reactive monomers(Steiner et al., 2011). 
Previous works have demonstrated that MLbL can build crosslinked fully aromatic PA ultrathin films 
using the same monomers used in IP with similar chemical composition (Figure 1.4) (Hammond, 
2004, Steiner et al., 2011). 
This MLbL technique builds a crosslinked PA network via successive exposures to TMC and MPD, 
preventing uncontrolled polymerization by limiting reaction sites to surface bound moieties. Films can 
be grown on any substrate that presents a high density of chemical groups reactive to the carboxylic 
acid chloride functionality of TMC. Grown films have over an order of magnitude decrease in the 
surface roughness as compared to commercial interfacially polymerized films while maintaining a 
high crosslink density (Johnson et al., 2012a).  
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 Figure 1.4. Molecular Layer-by-Layer (MLbL) assembly of a polyamide (PA) thin film. A repeat 
unit is defined as the reaction between trimesoyl chloride (TMC) and m-phenylenediamine (MPD) 
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1.6  Objectives and Scope of this research 
 
The overall focus of this study is to systematically evaluate the performance and durability of PA-
based membranes fabricated via IP and MLbL assembly for desalination. The typical PA membrane 
for desalination is mainly made using IP method producing the uncontrolled surface structure, ridge 
and valley structure and high roughness. Furthermore, the PA membrane is changed in performance 
behaviors and physiochemical properties by attack of chlorine used as disinfectants to control 
biofouling. This study investigates the durability of PA membrane by chlorination and uses the MLbL 
assembly as the novel fabrication approach of PA-based membranes for desalination.  
  
Chapter II reports the characteristics and durability of interfacial polymerized PA membrane for 
desalination and its durability by chlorination. The performance behavior of chlorinated membrane 
depends on pH of chlorine solution under pressurized and unpressurized mode. The change of 
membrane transport properties in this study is attributed to permeability of chlorine species across the 
membrane. Therefore, the surface properties of PA membrane and performance variation depending 
on chlorination conditions are described in this chapter.  
 
In chapter III~V, the MLbL assembly is introduced as the new fabrication approach of PA membrane 
for desalination. Here, I report on the successful design, construction, and performance of MLbL 
membranes and demonstrate that these exceed the performance of membranes synthesized through 
conventional IP. To improve the fouling resistance of interfacial polymerized PA membrane, the 
MLbL assembly producible controlled surface property is used for the fabrication of PA-based 
membranes in this study. 
 
Chapter III represents the effect of interlayer on MLbL-assembled PA membrane. The critical step in 
realizing the MLbL membranes is to apply an ultrathin interlayer atop the porous support that is able 
to prevent the penetration of reactive monomer into the support. This chapter focuses on the role of 
the interlayer serving as an interface in the MLbL-assembled membrane in determining the selective 
layer structure and membrane performance to design the TFC membrane via MLbL.  
 
Chapter IV report the successful MLbL assembled PA membrane using traditional monomers in RO 
membrane fabrication. The MLbL process produces highly selective PA layers with precisely-
controlled thickness, minimal surface roughness, and well-defined chemical composition. This 
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represents the performance of PA membrane via MLbL assembly through the study of film growth 
and nanostructure with physicochemical properties.  
 
The above study is limited to studying MLbL-assembled TFC membranes fabricated using MPD and 
TMC as the diamine and triacid chloride monomers, respectively. Chapter V reports the application of 
MLbL technique to the fabrication of TFC membranes using other PA monomer chemistries. This 
chapter describes the water and salt permeation of these MLbL-assembled membranes and compare 
them with their IP counterparts to show that the performance of the MLbL-assembled membranes is 
not only superior but can also be tailored because the selective layer thickness, roughness, and PA 
chemistry can be independently controlled. 
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CHAPTER II 
CHARACTERIZATION OF POLYAMIDE MEMBRANE 
FABRICATED VIA INTERFACIAL POLYMERIZATION  
 
 
2.1  Introduction 
  
 
TFC membranes have been greatly developed and used as RO/NF membranes since the concept of 
IP was first reported by Mogan in 1965 (P.W.Morgan, 1965). Owing to ultrathin selective layer of 
TFC membrane, RO and NF (An et al.) membranes have emerged as excellent candidates in a wide 
range of separation applications. PA TFC represent the state-of-the-art RO and NF (An et al.) 
membrane technology for desalination (Petersen, 1993, Geise et al., 2010). The active skin layer of PA 
plays the key role in thin film composite RO membranes, which controls mainly the separation 
property of the membrane, while the support layer gives the membrane necessary mechanical property 
(Tang et al., 2007, McCutcheon and Elimelech, 2008, Singh et al., 2006, Zou et al., 2010).  
 In RO applications, the most prevalent system is the crosslinked fully-aromatic PA prepared via 
traditional IP of TMC and MPD (Petersen, 1993, Tang et al., 2007). Specifically, these two monomers 
are dissolved separately in solvents that are immiscible with each other, and a near instantaneous 
polymerization reaction occurs when the solutions meet at the organic/aqueous interface. As the 
polymerization reaction proceeds, the growing film becomes a barrier that slows further reaction, thus 
creating a PA thin film typically ≈200 nm in thickness (Ghosh et al., 2008b). 
However, the use of RO membrane in many applications is limited by membrane fouling (Zou et al., 
2010, Kim et al., 2004, Zhou et al., 2009, Louie et al., 2006, Belfer et al., 2004, Taniguchi et al., 2003, 
Bryjak et al., 2004). PA composite membranes have been widely used for NF (An et al.) and RO due 
to their high permeation performances. Most of them have been generally prepared by forming thin 
PA active layers on microporous supports prepared from engineering plastic polymers such as 
polysulfone (PSf) and polyetherimide. The supports prepared from such polymers usually have very 
good mechanical and chemical properties but do not have on their surfaces any functional groups that 
can form chemical bonds with the PA layers. Consequently, there is no such strong interaction as 
covalent or ionic bond between the active and the support layers for the conventional PA composite 
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membranes. Generally, the conventional PA composite membranes have been known to be stable in 
most applications. However, their chemical stability should be reconsidered to extend their 
applications into harsh conditions such as the solutions that contain chemicals enable to swell the 
support layer seriously. It will cause the active layer to be detached from the support layer and the 
membrane will be then in an undesirable condition (Oh et al., 2001b). 
PA thin film composites fabricated via this traditional IP approach suffer from several drawbacks that 
negatively impact their desalination performance. In particular, because IP is a diffusion-limited 
polymerization, there is little control over (1) film thickness, (2) surface roughness, and (3) local 
chemical composition (Coronell et al., 2011, Freger, 2003). These physicochemical characteristics can 
result in the different aspects of membrane performance, which contribute to the overall membrane 
efficiency for desalination. The properties of membrane have been used to correlate the flux 
performance, fouling behavior and the transport of some trace organic solutes through membranes 
(Kimura et al., 2003, Childress and Elimelech, 2000a, Zhu and Elimelech, 1997). Consequently, 
understanding of the physicochemical properties of the PA layer becomes important in order to control 
membrane performance. The application of TFC PA membranes is often limited due to the 
degradation by chlorine, a disinfectant added to water for deactivation of microorganisms which can 
cause the biofouling of membranes.  
Deterioration of the PA membrane due to chlorine exposure has been extensively studied. Glater and 
Zachariah (1985) (Glater and Zachariah Michael, 1985) proposed a shift of inter-molecular to intra-
molecular hydrogen bonding after chlorination. Avlonitis et al. (1992) (Avlonitis et al., 1992) 
suggested that the decreased intermolecular forces due to chlorination affect the structural transition 
from the crystalline to the amorphous state, causing decreased melting point, intrinsic viscosity, and 
tensile strength. Koo et al. (1986) (Koo et al., 1986) and Singh (1994) (Singh, 1994) proposed chain 
cleavage of the PA membrane after chlorination. Maruf et al. (2011, 2012) (Maruf et al., 2011, Maruf 
et al., 2012) measured the glass transition temperature (Tg) of the PA barrier layer of a commercial PA 
membrane and showed a monotonic decrease in Tg with increasing chlorine exposure time at a given 
chlorine concentration. The performance decline caused by chlorination is likely due to the loss of 
structural integrity of the composing polymers within the membrane. However, most research on the 
chlorination of PA membranes has focused on investigating performance changes and membrane 
failure mechanisms that resulted from the chlorination in an unpressurized soaking test mode, even if 
the membranes were continuously exposed to chlorine under pressurized conditions in real water 
treatment plants. 
Furthermore, the mechanism of the different behavior of flux change after acidic and basic 
chlorination remains unclear. Mitrouli et al. (2010) (Mitrouli et al., 2010) showed that acidic solutions 
of sodium hypochlorite cause an extremely severe flux decline but that solutions of sodium 
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hypochlorite at an elevated pH do not cause severe damage to the PA active layer. Kang et al. (2007) 
(Kang et al., 2007) evaluated membrane performance before and after hypochlorite exposure in a 
soaking mode and reported that membrane N-chlorinated PA amide can be regenerated to initial amide 
and subsequent flux increase with the alkaline hypochlorite treatment. The enhanced flux of 
membranes chlorinated in a controlled alkaline pH condition was also reported by Raval et al. (2010) 
(Raval et al., 2010). However, the cause of flux increase after chlorination in alkaline environment 
was not systematically explained. 
 
In this study we present the surface morphology lab-made PA membrane synthesized via IP on the 
PAN support compared to the commercial aromatic PA membrane synthesized on PSf. Also, the 
performance variation by chlorination of commercial PA membrane is shown under various conditions. 
This study especially investigated systematically the performance variations of PA membranes caused 
by chlorination in both pressurized and unpressurized modes and proposed a mechanism that can 
explain the performance discrepancy between the two modes. Furthermore, chlorine speciation and 
permeability of the species at various pH values was investigated to assess the effect of the speciation 
on the chlorination of the membrane. 
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2.2  Methodology 
 
 
2.2.1  Membranes and chemicals 
 
Commercially available NF90 membrane manufactured by Dow-FilmTec (Minneapolis, MN, USA) 
was used as a representative TFC PA membrane. The membrane is a crosslinked aromatic PA 
membrane that is polymerized between 1,3-phenylendiamine and 1,3,5-benzentricarbonyl chloride 
and has structural amide bonds (-CONH-). The membrane was fully hydrated in Milli-Q water for two 
days before use. Chlorine stock solution was prepared by titration of commercially available sodium 
hypochlorite solution (NaOCl, 10-15%) (Sigma-Aldrich) with a 0.1 N sodium thiosulfate standard 
solution (Sigma-Aldrich). The pH values of the chlorine solution were controlled by the addition of 
HCl and NaOH.  
 
 
2.2.2  Degradation experiments of commercial PA membrane 
 
The performance change due to chlorination of the PA membrane was investigated in two different 
chlorination modes: pressurized chlorination and unpressurized chlorination. Chlorination in the 
unpressurized mode was mainly composed of two separate steps: soaking of a PA membrane to 
chlorine solution and then subsequent filtration of the chlorine-soaked membrane with NaCl solution. 
On the other hand, chlorination in the pressurized mode was conducted by continual exposure of a PA 
membrane to chlorine during the filtration of NaCl solution. 
 15 
 
 
Figure 2.1. Protocol for measuring performance in (a) unpressurized mode and (b) pressurized 
mode 
 
 
2.2.3  Unpressurized chlorination  
 
The filtration system for the measurement of membrane performance was described in a previous 
publication (Kwon and Leckie, 2006), and the test protocol can be divided into seven steps: 
presoaking, compaction, conditioning, chlorination, filtration, another chlorination, and another 
filtration (Figure 2.1(a)). The membranes were compacted at around 225 psi (15.5 bar) until the 
permeate flux stabilized. The concentrated NaCl solution was added to the feed tank and the 
concentration was controlled to 2000 ppm in 70 L Milli-Q water. The feed solution (25 ± 1 ˚C) was 
fed to the cross-flow test cells with a flowrate of 1 ± 0.2 liters per minute (LPM) and the performance 
of virgin membranes was characterized in terms of permeate flux and salt rejection. After the 
performance measurements, the membranes were taken out of the test cells and thoroughly rinsed 
with Milli-Q water. The membranes were then soaked in a chlorine solution as follows: (#1) soaking 
of membrane in pH 4 solution without chlorine, (#2) soaking in 100 ppm h chlorine solution at pH 4, 
(#3) soaking in pH 10 solution without chlorine, and (#4) soaking in 20,000 ppm h chlorine solution 
at pH 10. Chlorination of the PA membranes was performed in Pyrex glass bottles. After chlorination, 
the membranes were rinsed with Milli-Q water and re-loaded into the test cells. The membranes were 
conditioned with 2000 ppm NaCl and the permeate flux and salt rejection was measured in 10 h 
intervals. The operating conditions were finely readjusted to 225 psi pressure and a 1 LPM flowrate 
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before each performance measurement. After the performance measurements, the membranes were 
taken out of the test cells again and rinsed with Milli-Q water. The membranes were then soaked again 
in a chlorine solution under different conditions as follows: (#1) soaking of membrane in pH 10 
solution without chlorine, (#2) soaking in 20,000 ppm h chlorine solution at pH 10, (#3) soaking in 
pH 4 solution without chlorine, and (#4) soaking in 100 ppm h chlorine solution at pH 4. After 
chlorination, the membranes were rinsed with Milli-Q water and reloaded into the test cells. Four 
measurements of flux and rejection were averaged for each representative data point for performance 
measurements in unpressurized mode. 
 
 
2.2.4  Pressurized chlorination 
 
The pressurized chlorination protocol consists of four steps: presoaking, compaction, conditioning, 
and filtration in the presence of chlorine (Figure 2.1(b)). The membranes were then compacted at 
around 125 psi (8.6 bar) until the permeate flux stabilized. Concentrated NaCl solution was added to 
the feed tank, while the NaCl concentration was controlled to 2000 ppm in 70 L of Milli-Q water. The 
performance of the virgin membranes was characterized in terms of permeate flux and salt rejection. 
After the performance measurement, a predetermined amount of concentrated chlorine solution was 
added to the feed solution to reach 5 ppm. Variations of the chlorine concentration and the pH of the 
feed tank were monitored at regular time intervals and the concentrations were maintained to be 
constant by NaOCl and HCl (or NaOH) injection every 10 h. Whenever the chlorinated membrane 
performance was measured, the operating conditions were finely adjusted to maintain 125 psi, 1 LPM, 
and 25 ˚C. Four samples were used for the performance measurements and the representative data 
were averaged. 
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2.2.5  Permeability of chlorine species at various pH values 
 
 
Figure 2.2. An Amicon filtration system for the permeability measurement of chlorine species at 
various pH values. Operating pressure = 64 psi 
 
 
Permeability of chlorine species through the membrane was investigated using an Amicon filtration 
system (Figure 2.2) minimizing the variation of chlorine concentration during filtration. The filtration 
test procedure consists of three steps: presoaking, compaction, and performance test with a 100 ppm 
chlorine solution at various pH values. Amicon cells (350 ml) were pressurized at 64 psi (4.4 bar) by 
laboratory N2 gas, and the chlorine solution was filtered through the membrane until 100 ml of 
solution was collected at the permeate side.  
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Figure 2.3. Ultraviolet (UV) absorbance spectrum (a) of chlorine solution at pH 4 and pH 10, and 
calibration curve of UV absorbance (b, c) at 230 nm and 292 nm. 
 
 
The concentrations of chlorine species in the feed, retentate, and permeate after filtration were 
measured using a spectrophotometry method. The UV spectra of chlorine solutions at pH 4 and pH 10 
were obtained using spectrometer (SINCO, Korea) (Figure 2.3). Chlorine species have characteristic 
UV absorption bands: a HOCl peak at 230 nm and an OCl
-
 peak at 292 nm. Based on these spectra, 
calibration curves for the concentrations of chlorine at pH 4, 6, 8, and 10 at 230 nm and 292 nm were 
established. The correlation coefficients calculated on these results presented a range of 0.9638-
1.0000. 
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2.2.6  Membrane characterization 
 
Fourier transform infrared spectroscopy (ATR-FTIR) 
ATR-FTIR spectroscopy was used to investigate the functional groups that are present in the PA and 
polysulfone layers. For the FTIR characterization experiment, virgin and chlorinated membranes were 
rinsed after the experiment and dried in a drying oven for 2 days at 50 °C. The membranes were 
placed on the ATR Ge crystal at an incident angle of 45 º and pressed with a press. The spectrometer 
was purged with N2 gas to prevent interference of atmospheric CO2 and moisture. The ATR-FTIR 
spectra were recorded from 600 to 4000 cm
-1
 at 4 cm
-1
 resolution on a Nicolet 6700 (Thermo 
Scientific) spectrometer. The sample survey was conducted 10 times and averaged. 
 
Scanning electron microscopy (SEM) 
The surface morphologies of the PA layers were characterized by scanning electron microscopy 
(SEM, FEI inspect F50). SEM micrographs of membrane surfaces were obtained at an accelerating 
voltage of 10 kV. All specimens received one minute of gold coating. The cross-sectioned samples 
were prepared by fracturing water-wetted membrane in liquid nitrogen.  
 
Atomic force microscopy (AFM) 
Surface roughness was analyzed by atomic force microscopy (AFM, Veeco Nanoscope V). Samples 
were dried under vacuum prior to analysis. AFM images were acquired under ambient conditions in 
tapping mode at a 1 Hz scan rate and 256 × 256 pixel resolution with silicon cantilevers. The surface 
root-mean-square (rms) roughness of membranes was estimated from the topography images of 2 µm 
x 2 µm area using AFM operated in tapping mode. Surface roughness was calculated using the data 
analysis software provided by the manufacturer.  
 
 
2.2.7  Membrane performance evaluation 
 
The performance test of membranes was conducted with a cross-flow module with a membrane area 
(A) of 14.5 cm
2
. All filtration experiments were carried out using an aqueous solution of NaCl (2,000 
mg L
-1
) as a feed solution at an operating pressure of 15.5 bar and a flow rate of 1 L min
-1
. 
Performance data were collected after flow conditions had reached the steady state.  
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Water flux (Jw, Lm
-2
h
-1
) was calculated from the amount of the collected permeate (V) for a fixed 
time (t) by the following equation. 
 
𝐽𝑤 (𝐿𝑚
−2ℎ−1) =
𝑉
𝐴𝑡
                        (2.1) 
 
Salt rejection (R, %) was determined from the NaCl concentrations in the feed (Cf) and the permeate 
(Cp) solutions which were measured with a conductivity meter (Ultrameter II, Myron L. Company) 
using the following equation. 
 
R(%) = (1 −
𝐶𝑝
𝐶𝑓
) × 100                (2.2) 
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2.3  Results and discussion 
 
2.3.1  Membrane surface characterizations 
 
Morphological structure of the composite membranes is characterized by using SEM and AFM.  
Representative SEM images of the surface of the commercial TFC PA BW30, NF90 and SWC4+ 
membrane and Lab-made IP-PA on PAN support were provided in Figure 2.4. The top-down SEM 
images showed that the IP-PA membranes exhibited the rough ridge-and-valley morphology that is 
typical of interfacially polymerized, fully-aromatic PAs. The most preferred fabrication method is the 
IP using MPD and TMC for desalination. These two monomers react at the organic/aqueous interface 
and produce ridge and rough-and-valley surface structure due to uncontrolled reaction.  
 
 
 
 
Figure 2.4. SEM images of (a) surface of BW30 (b) surface of NF90 (c) surface of SWC4+ and (d) 
surface of Lab-made IP-PA on PAN support  
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Figure 2.5. AFM height images of the interfacial polymerized (IP) polyamide (PA) membrane (rms ≈ 
45.1 nm) 
 
 
An atomic force microscopy (AFM) image was displayed in Figure 2.5 and performed to obtain a 
topographic image and to calculate the roughness of the Lab-made crosslinked PA membrane 
synthesized on PAN support. The root mean square (rms) roughness of the Lab-made IP-PA was be 
(45.1 ± 10.7) nm. Such a high level of roughness for the IP-PA has been attributed to the rapid, 
uncontrolled reaction rate occurring at multiple interfaces (Freger, 2003, Freger, 2005). The large-
scale surface roughness of IP-PA membrane increases membrane fouling by increasing the rate of 
colloid attachment onto the membrane surface. Elemelech et al (1997) reported that the remarkable 
surface roughness of the composite IP-PA has a dramatic effect on the attachment rate of colloids to 
the membrane surface (Elimelech et al., 1997). Vrijenhoek et al (2001) showed that more particles are 
deposited on rough membranes than on smooth membranes at the initial stages of fouling and result in 
“valley clogging” which causes more severe flux decline than in smooth membranes (Vrijenhoek et al., 
2001). 
 
 
2.3.2  Effect of chlorination mode on PA membrane performance 
 
Most studies on membrane chlorination have been investigated in an unpressurized chlorination 
mode, which include two independent steps: soaking of a membrane in a chlorine solution and 
performance measurement during filtration of the chlorine-soaked membrane with salt solution under 
pressure (Do et al., 2012, Ettori et al., 2011, Glater et al., 1981, Kawaguchi and Tamura, 1984, 
Mitrouli et al., 2010). However, in real water/wastewater treatment plants, the PA membrane is 
 23 
 
continuously exposed to chlorine under high operating pressure in a single step. The performance of 
the PA membrane that is applied on a continuous basis under pressure could differ from the results 
conducted under the unpressurized condition. The performance change of the PA membrane due to the 
chlorination was investigated in two different chlorination modes: pressurized chlorination and 
unpressurized chlorination. The cause of the performance discrepancy between the conditions was 
studied. 
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2.3.2.1. Unpressurized chlorination 
 
Figure 2.6 shows the normalized flux and salt rejection of NF90 PA membranes that were soaked in a 
solution of 100 ppm h chlorine at pH 4 and 20,000 ppm h chlorine at pH 10, respectively. Normalized 
flux (or salt rejection) was defined as the flux (or salt rejection) of chlorinated membranes over the 
flux (or salt rejection) of their virgin membrane under comparable conditions. The flux and salt 
rejection of membranes exposed to pH 4 and pH 10 solutions without chlorine ((ii) and (iv)) did not 
show noticeable changes. However, the membranes exposed to a solution containing chlorine at pH 4 
and pH 10 showed significant changes in performance. After the first chlorination at pH 4, a flux drop 
of 33% occurred at the initial flux measurement and then the flux remained almost constant during 40 
h filtration. On the other hand, the membranes exposed to a 20,000 ppm h chlorine solution at pH 10 
showed a 190% increase in flux at the initial flux measurement, but the flux continuously decreased 
during the filtration step. The salt rejection of the membranes soaked in chlorine solution at pH 4 
increased slightly with increasing filtration time and then stabilized, but that of membranes exposed to 
20,000 ppm h chlorine solution at pH 10 drastically decreased and then gradually increased. This 
phenomenon is likely due to the compaction and swelling of polymer chains after acidic and basic 
chlorination, respectively. 
Chlorination of the PA membrane replaces hydrogen with chlorine in the amide group (-CO-NH-) and 
breaks the hydrogen bonds that hold one polymer chain to another chain in the membrane polymer. 
Furthermore, the chlorine incorporated into amide nitrogen (-CO-NCl-) lowers the rotational energy 
barrier between amide nitrogen and amide carbonyl carbon, and consequently enhances the rotational 
freedom of polymer chains (Jensen et al., 1999). Soaking of the PA membrane in a chlorine solution at 
pH 4 broke most of the hydrogen bonds (Kwon et al., 2006) , thus greatly enhancing the segmental 
motions of the polymer chains. When the membranes were taken out of the soaking solution and then 
filtered at high operating pressure to measure performance, the polymer chains could be compacted, 
showing decreased flux after chlorination at pH 4. On the other hand, soaking at pH 10 broke a few 
hydrogen bonds (Kwon et al., 2006), and the high pH deprotonated the carboxylic acid group of the 
PA membrane. 
The electrostatic repulsive interaction between the carboxylic acid groups inside the polymer chains 
might cause PA membrane swelling (Freger, 2004). The extent of swelling increased when the 
chlorine diffused into the polymer chains to break the hydrogen bonds and enhance segmental 
movement of polymer chains. When the membranes were filtered at a high operating pressure (pH 10), 
the initial flux of the membrane increased drastically due to the reduced restriction of water passage 
through the polymeric membrane.  
 25 
 
 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
N
o
rm
a
li
z
e
d
 F
lu
x
(i) 
(ii)
(iii) 
(iv) 
1
st
 Chlorination
in a soaking solution
pH 10, 20,000 ppm-hr Cl
2
pH 10
pH 4
pH 4,  100 ppm-hr Cl
2
pH 4
pH 10, 20,000 ppm-hr Cl
2
pH 10
pH 4, 100 ppm-hr Cl
2
Filtration Filtration
Time (hr)
N
o
rm
a
li
z
e
d
 R
e
je
c
ti
o
n
0.0
0.2
0.4
0.6
0.8
1.0
1.2
(i)
(ii) 
(iii) 
(iv)
0      10      20      30     40      0      10      20      30     40  
pH 10, 20,000 ppm-hr Cl
2
pH 4, 100 ppm-hr Cl
2
pH 10, 20,000 ppm-hr Cl
2
pH 4, 100 ppm-hr Cl
2
pH 10
pH 4
pH 10
pH 4
2
nd
 Chlorination
in a soaking solution
 
Figure 2.6. Normalized flux and salt rejection of NF90 PA membranes chlorinated under the 
unpressurized condition. Operation steps include: i) chlorination of the membrane at 100 ppm h Cl2 
(100 ppm Cl2 for 1 h) and pH 4, filtration with NaCl solution during 40 h, additional chlorination at 
20,000 ppm h Cl2 (2000 ppm Cl2 for 10 h) and pH 10, and then filtration with NaCl during 40 h; ii) 
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soaking of the membrane at pH 4 without Cl2, filtration with NaCl solution during 40 h, soaking at pH 
10 without Cl2, and filtration with NaCl during 40 h; iii) chlorination of the membrane at 20,000 ppm 
h Cl2 and pH 10, filtration with NaCl during 40 h, additional chlorination at 100 ppm h Cl2 and pH 4, 
and filtration with NaCl solution during 40 h; and iv) soaking of the membrane at pH 10 without Cl2, 
filtration with NaCl solution during 40 h, soaking at pH 4 without Cl2, and filtration with NaCl during 
40 h. Filtration condition: pressure = 225 psi, flowrate = 1 ± 0.2 LPM, temperature = 25  ±  1 ˚C, 
feed = 2000 ppm NaCl. 
 
 
It seems that the polymer chains were rearranged to compact due to the continuous hydraulic 
pressure and that consequently the flux monotonically decreased with increasing filtration time. The 
performance change that resulted from the structural change of membranes chlorinated at low pH and 
high pH was clearly observed by another subsequent unpressurized chlorination (2nd chlorination in 
Figure 2.6). The performance after the second soaking in the chlorine solution showed a similar 
pattern to that of the first soaking. Membrane flux greatly decreased after second exposure of the 
membrane, which was first chlorinated in basic condition, to acidic hypochlorite solution. The 
exposure of the membrane, which was firstly chlorinated under acidic condition, to basic condition 
improved the declined flux. The salt rejection also was increased after acidic chlorine solution soaking 
and significantly dropped after soaking in a basic solution. Kang et al. (2007) (Kang et al., 2007) 
evaluated membrane performance after chlorination of the PA membrane and reported that N-
chlorinated PA membrane can be regenerated and restored to initial amide and subsequent flux 
increase at the alkaline hypochlorite treatment. However, FTIR spectrum analysis did not show 
recovery to its initial chemical structure of chlorine-damaged PA membrane after alkaline chlorination 
(FTIR spectrum data are not shown). The performance results along with the FTIR analysis show that 
the flux increase is resulted from swelling of the membrane. 
 
 
2.3.2.2. Pressurized chlorination 
 
Stability of pH and chlorine concentration in feed solution 
The stability of chlorine in a feed solution depends on its pH since hypochlorous acid (HOCl) can be 
converted to chlorine gas (Cl2 (g)) at low pH and then evaporated into air, causing chlorine loss and a 
subsequent decreased concentration with time. Membrane operation under the pressurized condition 
may cause the shift of pH and chlorine concentration due to the dissolution of atmospheric carbon 
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dioxide (CO2 (g)) into the feed solution and the evaporation of chlorine from the feed. Therefore, the 
stability of pH and chlorine concentration in the feed solution was checked by monitoring the change 
of pH value and chlorine concentration in the feed solution with filtration time at pH 4 and pH 10. 
When the initial pH of the feed was 4, the pH value was measured to ensure consistency in the range 
of pH 4 ± 0.04 for 20 h filtration. Under the pH 10 condition, the pH value of the feed decreased to 
about pH 9 after 10 h filtration. The pH drop was compensated for by the addition of 1 N NaOH every 
10 h to the feed solution. The variations of chlorine concentration in the feed solution are shown in 
Figure 2.7. During the 10 h filtration, the chlorine concentration in the feed solution decreased by 
about 33% and 10% at the pH 4 and pH 10 conditions, respectively. Therefore, chlorine solution was 
added every 10 h to keep the chlorine concentration constant at both pH conditions. 
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Figure 2.7. Variation of chlorine concentration in feed solution with filtration time at pH 4 and pH 
10. 
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Performance of membrane chlorinated in a pressurized mode. 
 
Figure 2.8. Normalized flux and salt rejection of a NF90 membrane chlorinated under pressurized 
condition. Filtration of 5 ppm Cl2 and 2000 ppm NaCl solution at (a) pH 4 and (b) pH 10. Operating 
conditions: 125 psi, 1 LPM, and 25˚C. 
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Figure 2.8 shows the effect of chlorine on the flux and salt rejection of the PA membrane when the 
chlorination was conducted at both pH 4 and pH 10 under the operating pressure. Twenty-hour 
filtration of the membrane in the presence of 5 ppm chlorine showed a decreased permeate flux of > 
60 % at pH 4 and about 10 % at pH 10, respectively. The salt rejection increased approximately 10 % 
at both pH 4 and pH 10. 
The flux decline after pressurized chlorination at pH 4 was consistent with the experimental results 
observed from the unpressurized chlorination experiments. However, chlorination at pH 10 under 
applied pressure showed a flux decline unlike what was seen in the unpressurized chlorination 
experiments. The opposite behavior of the flux changes observed between pressurized and 
unpressurized chlorination is likely due to overwhelming compaction of the membrane under the 
pressure condition. Since the dissociation constants (pKa, HOCl) of hypochlorous acid (HOCl) is 7.5, 
the ratio of [HOCl]/[OCl
-
] is 10
(7.5-pH)
.  
 
At pH 4, the dominant species of chlorine is a neutral species, HOCl. Regardless of the applied 
pressure, chlorination at pH 4 does not swell the membrane; consequently, the flux change trend is 
almost the same at both unpressurized and pressurized cases. However, the flux decline under applied 
pressure was observed greater than the flux decline of the membrane chlorinated under the 
unpressurized condition. This is due to the fact that the convective flow of chlorine driven by the 
pressure in the pressurized condition delivered the chlorine species quickly to the amide bond of the 
membrane polymer matrix and thus increased the collision and subsequent reaction rate between 
chlorine and membrane, accelerating the breakage of hydrogen bonds and enhancing the compaction 
of polymer chains.  
When the membranes were soaked in a chlorine solution at pH 10 and filtered afterwards, the 
polymer chains could have time to swell in the soaking solution, manifesting the increased flux at the 
initial measurement (Figure 2.8). On the other hand, chlorination under applied pressure at pH 10 did 
not allow the membrane to swell as in the unpressurized mode; thus, declined flux was observed. 
Two-hundred-hour filtration of 5 ppm chlorine solution at pH 10 shows the continuous change of 
performance. Flux of the chlorinated membrane decreased due to dominantly occurring compaction 
compared with swelling under applied pressure, but the hydrogen bond breakage progressed during 
the chlorine solution filtration and the rotational freedom of the polymer chains were endowed slowly. 
It seems that the rearrangement of polymer chains released the restriction of the water passage 
through polymer chains, causing monotonically increasing flux and decreasing salt rejection. 
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2.3.3  Permeability of chlorine species and its effect on membrane chlorination 
 
The reactivity of chlorine relies on chlorine speciation as a function of pH. When the pH is <7.5, 
which is equal to the equilibrium constant (pKa) of the hypochlorous acid (HOCl), the protonated 
species HOCl is a predominant, but when the pH is higher than the pKa, the deprotonated species 
OCl
-
 is predominant. The species HOCl and OCl
-
 can be converted simply by proton exchange and 
the ratio depends on pH value. It is well known that hypochlorous acid is more reactive than 
hypochlorite ion and a much stronger disinfectant. Speciation of chlorine and permeability of the 
chlorine species through PA membranes at various pH conditions were systematically investigated. 
The performances conducted in pressurized and unpressurized modes were studied in terms of 
permeability of the chlorine species along with compaction/ swelling phenomena.  
 
  
Figure 2.9. Ultraviolet absorbance of the permeate solutions: HOCl peak at 230 nm and OCl
-
 peak 
at 292 nm. Recovery = 28.6 %. 
 
 
Figure 2.9 shows the UV absorbance of permeate solution after filtration in the wavenumber range of 
220 ~ 360 nm. The peaks at 230 nm and 292 nm correspond to the HOCl and OCl
-
 species, 
respectively, and the peak intensity indicates the HOCl and OCl
-
 concentrations that passed through 
the membrane after the filtration with a recovery rate of 28.6%. HOCl concentration in the permeate 
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decreased monotonically with increasing pH of the feed solution. This is likely attributed to the easy 
penetration of the HOCl that resulted from the moistest size (low molecular weight) and its electrical 
neutrality. The isoelectric point of the PA membrane is around pH 3, while the membrane has a more 
negative surface with increasing pH (Childress and Elimelech, 2000b, Schaep and Vandecasteele, 
2001, Simon et al., 2009).  
The neutral species HOCl does not have an electrostatic interaction with the PA membrane surface; 
thus, the amount of HOCl passing through the membrane depended on the amount of the species in 
the feed. On the other hand, the concentration of OCl
-
 in the permeate increased from pH 4 to pH 7, 
and then the concentration decreased above pH 8. With increasing pH from 4 to 7, HOCl in the feed 
solution converted to OCl
-
, resulting in more passage of OCl
-
 and detection in the permeate at pH 7. 
When the pH increased to more than pH 8, the membrane became more negative and there was 
stronger electrostatic repulsion interaction with hypochlorite ion, resulting in a lower concentration of 
OCl
-
 detected in the permeate. 
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Figure 2.10. The amount of chlorine species (HOCl and OCl
-
) in the feed, permeate, and retentate 
solutions after filtration with a recovery of 28.6 %. 
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Figure 2.10 shows the amount of chlorine species in the feed, permeate, and retentate before and 
after filtration. The permeability of HOCl through the membrane was 27-28% (similar to recovery of 
the membrane system) in the pH range of 4-10. This finding indicates that the permeability of HOCl 
through the membrane is pH independent. On the other hand, most of the hypochlorite ions were 
repelled from the membrane and they remained in the retentate without significant transport through 
the membrane at all pH values. Figures 2.9 and 2.10 imply that at lower pH, more reactive HOCl is 
predominant and can easily diffuse into the membrane, whereas at high pH, the less reactive OCl
-
 is 
predominant and cannot easily penetrate the membrane. 
 
The permeability of the species through the membrane along with compaction/swelling behaviors 
discussed in Section 2.3.2 can explain the discrepancy of performance observed in Figures 2.6 and 2.8 
conducted in the unpressurized and pressurized modes, respectively. In the unpressurized mode, 
chlorine diffuses into the PA membrane. As shown in our earlier studies (Kwon et al., 2006, Kwon et 
al., 2008), hydrogen bonds between the –NH- and –CO- groups in the membranes are broken by the 
chlorine attack, while the loss of hydrogen bonding increases the rotational freedom of the polymer 
chains.  
Chlorination at a low pH caused the dominant species, HOCl, to diffuse easily into the PA membrane 
and break hydrogen bonds, and then the pressure applied afterwards collapsed and compacted the 
polymer matrix of the membrane, resulting in the rapid decrease in flux and the slight increase in salt 
rejection. On the other hand, a trace amount of HOCl (~ 0.3 % of chlorine) at pH 10 broke a few 
hydrogen bonds, and the polymer chains were quite swollen due to the electrostatic repulsive 
interaction between the -COO functional groups of the membrane, releasing the restriction of water 
passage through the membrane.  
The dominant chlorine species, OCl
-
, at pH 10 was strongly repelled from the membrane surface due 
to the repulsive interaction between the membrane and the chlorine species. The subsequent 
application of pressure after swelling initially increased the water flux and decreased the salt rejection, 
but continuous filtration compacted the polymer chains, resulting in decreased flux and enhanced salt 
rejection. In a pressurized mode, chlorine species passed through the membrane by convective flow 
and the chlorination was accelerated. Furthermore, continuously applied pressure did not allow the 
chlorination to swell the membrane; thus, it caused the decline in flux and the increase in salt rejection 
regardless of pH condition. However, the flux decline was less severe at high pH due to the repulsive 
interaction between the more negatively charged membrane and the chlorine species OCl
-
.  
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Figure 2.11. Attenuated total reflection four transform infrared (ATR-FTIR) absorption spectra and 
intensities of amide II peak (1542 cm
-1
) for NF 90 membranes (A) chlorinated in 100 ppm h chlorine 
solution at pH 4 and (B) chlorinated to 100 ppm h chlorine solution at pH 10. 1) Virgin NF 90 
membrane, 2) NF 90 membrane soaked in 100 ppm h chlorine solution, 3) NF 90 membrane filtered 
using the dead-end mode at the applied pressure of 64 psi, 4) NF 90 membrane filtered using cross-
flow mode at applied pressure of 125 psi. 
 
 
The ATR-FTIR spectra of the membranes chlorinated in the unpressurized and pressurized modes 
were compared to investigate the effect of operating mode on the membrane chlorination (Figure 
2.11). The virgin NF 90membraneshowed amide II at around 1542 cm
-1
, corresponding to the N-H in 
plane bending and the N-C stretching vibrations of the group –CO-NH- (G., 1994). The spectra of the 
membrane exposed to 100 ppm h chlorine atpH4 without applied pressure shows that the intensity of 
the amide II band was reduced by half, implying that the number of –NH- bonds and hydrogen 
bonding sites decreased in the membrane (Kwon et al., 2008). The decrease was more severe when 
the membrane was chlorinated under pressure. Regardless of the application of pressure, chlorination 
at high pH shows a lesser decline of amide II band intensity compared with chlorination at low pH. 
These results are consistent with the performance results. 
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2.4.  Conclusions 
 
IP has been a well-defined method to produce the TFC PA membranes. This technique is based on a 
reaction between amine monomer and acyl chloride in immiscible phases. Its surface morphology 
exhibits rough and ridge-and-valley structure due to the membrane perpendicular growth along 
interface of organic and aqueous phase and the uncontrolled IP process.  
The performance change of the PA membrane due to the chlorination was systematically investigated 
in two different chlorination modes: pressurized chlorination and unpressurized chlorination. In an 
unpressurized mode, chlorination at low pH collapsed and/or compacted the PA membrane, resulting 
in decreased flux and increased salt rejection. Chlorination at high pH made the membrane swollen 
due to the electrostatic repulsive interaction between the -COO functional groups, releasing the 
restriction of water passage through the membrane. In the pressurized mode, continuously applied 
pressure did not allow the chlorination to swell the membrane, thus causing declined flux and 
increased salt rejection regardless of pH. Permeability of chlorine species and its effect on membrane 
chlorination was investigated using the spectrophotometric method and FTIR technique. The 
permeability of HOCl through the membrane was almost the same as the recovery (28.6 %) of the 
membrane system in the range of pH 4-10, implying that the permeability was pH independent. 
Chlorine species passing through the membrane by convection flow in the pressurized mode 
accelerated the membrane chlorination and deterioration. On the other hand, most of the OCl ions 
were repelled from the membrane and, thus, remained in the retentate. The swelling phenomenon that 
occurred during the chlorination at high pH increased the flux in an unpressurized mode, but it was 
suppressed in the pressurized mode. The performance results were consistent with the FTIR spectra. 
The results of the present study showed the chlorination mechanisms involved in the unpressurized 
and pressurized modes (Figure 2.12). 
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Figure 2.12. The mechanism of performance change due to chlorination at acidic and basic 
conditions under the unpressurized and pressurized modes. 
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CHAPTER III 
FABRICATION OF POLYAMIDE MEMBRANE VIA 
MOLECULAR LAYER-BY-LAYER ASSEMBLY: 
INTRODUCTION OF INTERLAYER 
 
 
 
3.1  Introduction 
 
 
Membrane performance is determined predominantly by the topmost PA selective layer. This 
selective layer is conventionally prepared via IP (IP) of TMC in organic phase and MPD in aqueous 
phase on a porous support (Morgan, 1965) . When the immiscible aqueous and organic phases are 
brought into contact, two monomers immediately react at the interface to form a highly crosslinked 
PA layer. Due to fast reaction rate and fairly high solubility of MPD in organic phase, IP takes place in 
the organic phase and thus is controlled by MPD diffusion from aqueous phase to organic phase (Chai 
and Krantz, 1994, Freger, 2003, Huang et al., 2013). Subsequent MPD monomer diffusion and 
reaction lead to film growth which obstructs the further monomer diffusion (Ahmad and Ooi, 2005). 
This multi-staged IP process typically results in the formation of a relatively thick and rough (so 
called “ridge and valley” structure) PA selective layer with highly depth-heterogeneous structure. In 
addition, many process parameters including the reactivity, diffusivity and solubility of the monomers 
and types of solvents affect the selective layer structure and thus membrane performance. Due to its 
diffusion-controlled and complex nature, IP process provides little control over the selective layer 
structure, which greatly limits membrane separation performance and thus necessitates the 
development of a new membrane fabrication technique. 
In this MLbL process, two reactive monomers (e.g., MPD and TMC) are alternatively crosslinked 
at the molecular level to produce a highly crosslinked PA selective layer with well-defined structure, 
tunable thickness and minimal surface roughness. To effectively assemble the MLbL layer on a 
porous support, we applied an ultrathin interlayer atop of the porous support prior to the MLbL 
deposition. It has been reported that besides the selective layer itself, the interface between the 
selective layer and support plays a crucial role in membrane performance (Yoon et al., 2009, Alsvik et 
al., 2013). In addition, the structure and integrity of the MLbL-assembled PA selective layer could be 
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affected significantly by the physical and chemical structure on the selective layer-support interface. 
Hence, it is imperative to understand the role of the interlayer serving as an interface in the MLbL-
assembled membrane in determining the selective layer structure and thus membrane performance to 
rationally design the TFC membrane via MLbL. 
In the present article, we investigate the effect of the structural and chemical properties of the 
interlayer on the performance of the resulting MLbL-assembled TFC membrane. An ultrafiltration 
poly(acrylonitrile) (PAN) membrane was selected as the support due to its excellent chemical stability 
and ability of tuning the surface functionality, hydrophilicity and charge properties (Dalwani et al., 
2011, Li et al., 2011). The PA selective layers were fabricated on the uncoated pristine PAN and 
hydrolyzed PAN (HPAN) support as well as interlayer-coated HPAN supports via MLbL. A series of 
interlayers, interfacially polymerized polypiperazineamide, crosslinked polyethyleneimine (PEI) and 
the electrostatically assembled polyelectrolyte bilayer of PEI and poly(acrylic acid) (PAA) were 
prepared prior to MLbL. We then correlated the physicochemical properties of interlayers to the 
structure and RO performance of the MLbL-assembled membranes to elucidate the role of interlayer. 
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3.2  Methodology 
 
 
3.2.1  Materials 
 
The following chemicals were used as received: branched polyethyleneimine (PEI, Mw = 750,000 g 
mol
-1
, Sigma-Aldrich), poly(acrylic acid) (PAA, Mw = 100,000 g mol
-1
, Sigma-Aldrich), piperazine 
(Sigma-Aldrich), m-phenylenediamine (MPD, Sigma-Aldrich), trimesoyl chloride (TMC, Sigma-
Aldrich), HPLC-grade toluene (J.T. Baker), n-hexane (J.T. Baker), acetone (J.T. Baker), sodium 
chloride (NaCl, Junsei Chemical Co.), sodium hydroxide (NaOH, Daejung Chemical Co.). Deionized 
(DI) water (18.2 M cm) was prepared in a Millipore Milli-Q purification system. Polyacrylonitrile 
(PAN) membranes (PAN 50) reinforced by polyester nonwoven fabrics as supports were purchased 
from Sepro Membranes, Inc. The chemical structure of the polyelectrolytes and monomers are given 
in Figure 3.1. 
 
 
Figure 3.1. Chemical structure of PEI(poly(ethyleneimine)), PAA(poly(acrylic acid)), MPD(m-
phenylenediamine), PIP(piperazine), and TMC(trimesoyl chloride) 
 
 
3.2.2  Membrane Preparation 
 
Commercial polyamide (PA) membranes: For comparison with the surface morphology of lab-made 
PA membrane, the commercial SWC4+ membrane s were obtained from Hydranautics/Nitto Denko.  
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Lab-made TFC membrane: Lab-made TFC membranes were prepared by creating PA (PA) selective 
layers with MPD and TMC on microporous PAN supports via traditional IP reaction. 
Poly(acrylonitrile) (PAN) membranes (PAN 50) reinforced by polyester nonwovens as supports were 
purchased from Sepro Membranes, Inc. 
 
 
MLbL-assembled TFC membrane: A series of MLbL-assembled TFC membranes were fabricated by 
creating PA selective layers on interlayer-coated PAN/HPAN supports via MLbL deposition of MPD 
and TMC as illustrated in Figure 3.2. This fabrication will be explained further in the following 
sections. 
 
 
 
Figure 3.2. Schematic Illustration of the Fabrication of MLbL-Based Membranes.  
(Support(Interlayer)[MPD/TMC]x) 
 
 
3.2.2.1  Hydrolysis of PAN support 
 
A pristine PAN or hydrolyzed PAN (HPAN) was used as a support for the fabrication of the MLbL-
assembled and interfacial polymerized membranes. The PAN support was hydrolyzed in an aqueous 
solution of NaOH (2 M) at 45ºC for 2 h to increase the surface negative charge and hydrophilicity (Oh 
et al., 2001a, Dyatlov et al., 2012), and then thoroughly rinsed with DI water and denoted as HPAN. 
According to the Figure 3.3, hydrolysis of PAN support is a two-step process occurring via formation 
of amide groups (Dyatlov et al., 2012). The amide groups in the polymer are formed through 
conversion of the nitrile group, and then decrease with increasing of carboxyl groups through 
consumption of amide groups (Dyatlov et al., 2012). We considered the pristine PAN support and 
HPAN support with hydrophilic carboxylic functional groups for the formation of interlayer or PA 
selective layer. 
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Figure 3.3. Schematic illustration on the hydrolysis of PAN support 
 
 
3.2.2.2  Interlayer preparation 
 
A series of MLbL-assembled TFC membranes were fabricated by creating PA selective layers on 
interlayer-coated PAN supports via MLbL deposition of MPD and TMC as illustrated in Figure 3.4. 
Four different interlayer systems were designed as presented in Table 3.1: no interlayer, interfacially 
polymerized poly(piperazineamide) (PIPA), PEI crosslinked with TMC (xPEI), and electrostatic 
double-layer of PEI and PAA (PEI/PAA). In the case of no interlayer, a pristine PAN or hydrolyzed 
PAN (HPAN) was used as a support on which the PA selective layer was assembled via MLbL. HPAN 
was prepared by soaking a PAN support into an aqueous solution of 1.5 M NaOH at 45 C for 2 h, 
which is known to increase its surface negative charge and hydrophilicity (Oh et al., 2001a). To 
fabricate PIPA interlayer, a PAN support was soaked into an aqueous solution of piperazine (2.0 wt%) 
for 3 min and excess piperazine was removed by a rubber roller. Then, a TMC (0.05 wt% or 0.5 wt%) 
solution in n-hexane was poured onto the membrane and allowed to react for 30 sec. The remaining 
solution was drained off, and subsequently the membrane was rinsed with clean n-hexane. To prepare 
xPEI interlayer, the negative charged HPAN was first dipped into an aqueous solution of cationic PEI 
(0.1 wt%, pH = 10.6) containing 0.5 M NaCl for 15 min and subsequently washed with DI water. 
Crosslinking PEI with TMC was carried out by immersing the PEI-coated HPAN support into a TMC 
solution in toluene for 5 min (Park et al., 2012b). For the fabrication of PEI/PAA interlayer, the PEI-
coated HPAN was dipped into an aqueous solution of anionic PAA (0.1 wt%, pH = 3.5) containing 0.5 
M NaCl for 10 min, followed by rinsing with DI water. 
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Figure 3.4. Schematic illustration of the fabrication of the MLbL-assembled membranes with/without 
interlayer on PAN/HPAN support. 
 
 
 
Table 3.1. Component materials and their abbreviations of the MLbL-assembled TFC membranes 
(Support(Interlayer)[MPD/TMC]x) used in this study 
 
 
 
 
 
 
3.2.2.3  Fabrication of PA selective layer  
 
The PA selective layers were fabricated on the interlayer-coated PAN supports via MLbL as 
described in Figure 3.5. The first step starts with immersing the interlayer-coated PAN support into a 
MPD (1.0 wt%) solution in toluene for 30 sec and subsequent rinsing it with acetone to remove the 
unreacted MPD. Then, the membrane was dipped into a TMC (1.0 wt%) solution in toluene for 30 sec, 
followed by rinsing with toluene to complete one MLbL deposition cycle. This process was repeated 
to obtain the desired MLbL cycle number, which controls the growth of the PA layer. The resultant 
MLbL-assembled TFC membrane consists of a PAN support, an interlayer, and a MLbL-PA selective 
layer and they were denoted as support(interlayer)[MPD/TMC]x, where the subscript x represents the 
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MLbL cycle number. For example, the PAN(PIPA)[MPD/TMC]10 membrane consists of the PA 
selective layer prepared via MLbL with 10 cycle number on top of a PIPA-coated PAN. The materials 
used in the fabrication of the MLbL-assembled TFC membranes and their abbreviations are 
summarized in Table 3.1.  
 
 
 
Figure 3.5. The Molecular Layer-by-Layer (MLbL) approach for fabricating polyamide (PA) thin 
film composite (TFC) membranes. (1) Dipping the uncoated/coated PAN or HPAN support into a 
diamine solution in toluene. (2) Rinsing the membrane with acetone to remove the unreacted diamine 
monomers. (3) Dipping the membrane into a triacid chloride solution in toluene. (4) Rinsing with 
toluene to remove the unreacted triacid chloride. (5) Finishing one MLbL deposition cycle. (6) 
Repeating the deposition steps (1) to (4) until the desired number of deposition cycles is obtained. 
 
In addition to the MLbL-assembled membranes, the traditional, interfacially polymerized membrane 
was prepared as a control. A PAN support was immersed into an aqueous solution of MPD (2.0 wt%) 
for 3 min and rolled with a rubber roller to remove excess MPD solution. Then, a TMC (0.05 wt%) 
solution in n-hexane was poured onto the membrane and allowed to stay for 30 sec. After completing 
the reaction, the membrane was rinsed with pure n-hexane. 
 
 
3.2.3  Membrane Characterization 
 
Fourier transform infrared spectroscopy (ATR-FTIR) 
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was used to 
characterize the structure of modified and control membranes. These experiments were performed 
using a Thermo Nicolet Nexus 470 FTIR with an Avatar Smart MIRacle ATR accessory and a ZnSe 
crystal (Madison, WI). Spectra were collected in air, in the mid-infrared region (600-4000 cm
-1
), using 
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128 scans at resolution 4 (1.928 cm
-1
 spacing). Data analysis was performed using the Omnic software 
provided with the instrument.  
 
X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) was used to characterize the chemical structures of the 
MLbL- and IP-assembled PA selective layers. XPS makes it a better choice than ATR-FTIR for 
detection of the PA layer. XPS spectra were collected on a PHI-5000 Versaprobe spectrometer using 
monochromatic Al Kα radiation at 1.49 keV. Carbon (1s), nitrogen (1s) and oxygen (1s) were detected 
using either a 0
o
 or 45
o 
takeoff angle (to probe an even thinner surface layer).  
 
Zeta Potential 
The zeta potential values of membrane surfaces were measured with an electrophoretic measurement 
apparatus (ELSZ, Otsuka Electronics) using a plate sample cell. The zeta potential was determined in 
a background aqueous solution of NaCl (10 mM) containing mobility-monitoring particles at pH 6 
estimated using the simple Smoluchowski equation.   
 
Scanning electron microscopy (SEM) 
The surface morphologies of the PA layers were characterized by scanning electron microscopy 
(SEM, FEI inspect F50). SEM micrographs of membrane surfaces were obtained at an accelerating 
voltage of 10 kV. All specimens received one minute of gold coating. The cross-sectioned samples 
were prepared by fracturing water-wetted membrane in liquid nitrogen.  
 
 
 
3.2.4  Membrane performance evaluation 
 
The performance test of membranes was conducted with a cross-flow module with a membrane area 
(A) of 14.5 cm
2
. All filtration experiments were carried out using an aqueous solution of NaCl (2,000 
mg L
-1
) as a feed solution at an operating pressure of 15.5 bar and a flow rate of 1 L min
-1
. 
Performance data were collected after flow conditions had reached the steady state.  
Water flux (Jw, Lm
-2
h
-1
) was calculated from the amount of the collected permeate (V) for a fixed 
time (t) by the following equation. 
 
𝐽𝑤 (𝐿𝑚
−2ℎ−1) =
𝑉
𝐴𝑡
                        (3.1) 
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Salt rejection (R, %) was determined from the NaCl concentrations in the feed (Cf) and the permeate 
(Cp) solutions which were measured with a conductivity meter (Ultrameter II, Myron L. Company) 
using the following equation. 
 
R(%) = (1 −
𝐶𝑝
𝐶𝑓
) × 100            (3.2) 
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3.3  Results and discussion 
 
3.3.1  MLbL-assembled PA membranes on supports without an interlayer 
 
3.3.1.1  Performance  
 
Subsequently the MLbL-PA selective layers were grown directly from the microporous PAN 
supports (PAN and HPAN) with different surface chemistries varied by the hydrolysis pretreatment. 
Hydrolysis is known to increase the hydrophilicity and negative charge of the PAN support by 
converting the surface nitrile group (−CN) to the carboxylate group (−COO-) (Oh et al., 2001a). 
Figure 3.6 shows the water flux and NaCl rejection of the MLbL-assembled membranes prepared on 
the PAN and HPAN supports as a function of the MLbL cycle number (x), which are denoted as 
PAN[MPD/TMC]x and HPAN[MPD/TMC]x, respectively. The results show that the separation 
performance of the MLbL-assembled membranes is dependent largely on the chemistry of the support 
on which the MLbL layer is grown. Although water flux decreased progressively with increasing the 
MLbL cycle number until it level off for both PAN[MPD/TMC]x and HPAN[MPD/TMC]x, a more 
rapid reduction in water flux was observed for HPAN[MPD/TMC]x. In addition, NaCl rejection 
remarkably increased and reached a plateau value of ~83% with increasing the MLbL cycle number 
up to 30 for HPAN[MPD/TMC]x, while it was essentially too low (~1.6%) for PAN[MPD/TMC]x. 
This suggests that the PA selective layer is more effectively and compactly grown via MLbL on the 
HPAN rather than the PAN. It should be noted that the maximum attainable NaCl rejection of 
HPAN[MPD/TMC]x (~84.3% at x = 20) is much lower than that of the IP-assembled counterpart (96.8 
 0.9%), indicating that the MLbL-assembled membrane directly grown on a porous support has a 
marginal crosslinking and molecular density. 
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Figure 3.6. Water flux (Jw, circle) and NaCl rejection (R, triangle) of MLbL-assembled polyamide 
(PA) membranes on PAN (closed symbol) and HPAN (open symbol) support as a function of the 
deposition cycle number (x). The horizontal solid lines denote the water flux (black) and NaCl 
rejection (red) values of the interfacially polymerized polyamide (PA) membrane, respectively. 
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3.3.1.2  Surface morphology 
 
Figure 3.7 represents the surface morphologies of the supports and the MLbL-assembled PA 
membranes prepared with the different MLbL cycle numbers. Although the open pores with less 
than 20 nm in diameter were present for both PAN and HPAN supports (Figures 3.7a and 7d), 
smaller pores were observed for the HPAN, which is attributed to pore shrinkage resulting from the 
increased extent of swelling for more hydrophilic HPAN (Lohokare et al., 2006, Oh et al., 2001a). 
At the low MLbL cycle number (x = 5) pores were still visible for both PAN and HPAN support 
surfaces (Figures 3.7b and 7e), which can account for the quite low NaCl rejection level of both 
PAN[MPD/TMC]5 and HPAN[MPD/TMC]5. This result also suggests that monomer deposition via 
MLbL may take place on the inner pore surface as well as on the external surface of the support due 
to the smaller monomer size (< 1 nm) than the support pores (10 ~ 20 nm). Hence, such a low cycle 
number (x  5) is not sufficient to create a dense selective layer that can discriminate salt ions from 
water molecules. The distinct morphological difference was observed at the high MLbL cycle 
number (x = 30): HPAN[MPD/TMC]30 exhibited a uniform and dense PA surface with invisible 
pores (Figure 3.7f) while PAN[MPD/TMC]30 had a heterogeneous surface covered by nodular PA 
aggregates with visible pores (Figure 3.7c). The defect-less surface structure of 
HPAN[MPD/TMC]30 is responsible for its higher NaCl rejection compared to that of 
PAN[MPD/TMC]30. Higher density of carboxylate groups on the HPAN support is believed to 
facilitate the strong and dense adsorption of MPD amine monomer by promoting the formation of 
strong hydrogen bond and/or ionic bond between amine and carboxylate groups (Oh et al., 2001b). 
This seed layer densely-packed with MPD is likely to lead to the formation of the dense incipient 
PA layer by TMC deposition. Consequently, the settled seed PA layer allows the uniform and dense 
growth of PA layer on the HPAN support through the subsequent sequential MLbL deposition. 
However, the MLbL-assembled PA layer on the HPAN was found to be still not dense and selective 
enough to be applicable to RO, as manifested in the maximum achievable NaCl rejection of ~83.3% 
for HPAN[MPD/TMC]x even at the highest MLbL cycle number (x = 30). This limited rejection can 
be explained based on the film growth mechanism of the MLbL deposition with open pores on a 
porous substrate.  
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Figure 3.7. Surface morphology of (a) PAN support, (b) PAN[MPD/TMC]5, (c) PAN[MPD/TMC]30, 
(d) HPAN support, (e) H-PAN[MPD/TMC]5, and (f) H-PAN[MPD/TMC]30  membranes. Scale bar = 
400 nm for all SEM images. Arrows in (b), (d) and (e) indicates open pores. 
 
 
3.3.1.3  Chemical properties 
 
The formation of the MLbL-assembled PA layer on the supports was also confirmed by FT-IR as 
illustrated in Figure 3.8. Compared to the FT-IR spectra of the pristine PAN support, the intensity of 
the peak at 2244 cm
-1
 (CN stretching peak) (Qian et al., 2012) decreased (not shown here) along 
with the appearance of new peaks at 1671 cm
-1
 (C=O stretching, amide I) and 1570 cm
-1
 (asymmetric 
C=O stretching of COO
-
) (Oh et al., 2001b, Gu et al., 2013) for the HPAN, indicating the conversion 
of the nitrile group to the carboxylate group by hydrolysis. Regardless of the support type, both 
MLbL-assembled membranes exhibited the characteristic peaks of crosslinked aromatic amides: 1671 
cm
-1
 (C=O stretching, amide I), 1610 cm
-1
 (H-bonded C=O stretching) and 1541 cm
-1
 (N-H in-plane 
bending, amide II) (Gu et al., 2013). It is interesting to note that the characteristic amide peaks were 
more intensified for HPAN[MPD/TMC]30 compared to PAN[MPD/TMC]30. The increased number of 
carboxylate groups on the HPAN is believed to lead to the formation of the more uniform and thinner 
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PA selective layer via MLbL by enhancing the affinity of the support with polar monomers used in 
MLbL, as supported by the morphological evidence (Figures 3.7c and 3.7f). 
 
 
 
Figure 3.8. FTIR spectra of PAN and HPAN supports and MLbL-assembled PA membranes on those. 
Vertical dashed lines represent the positions of the characteristic amide peaks, 1671 cm
-1
 (C=O 
stretching, amide I), 1610 cm
-1
 (H-bonded C=O stretching), and 1541 cm
-1
 (N-H in-plane bending, 
amide II). 
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Increasing the MLbL cycle number would reduce the external open pore size of the support by 
depositing monomers on its inner pore surface until the weld spot is created and then the selective 
layer starts to grow vertically. Such a weld spot is likely to act as an inherent defect that facilitates salt 
passage across the selective layer, which can explain the observed marginal NaCl rejection of 
HPAN[MPD/TMC]30. This result suggests that it is preferred to introduce the interlayer system prior 
to MLbL that can prevent the formation of weld spot by blocking the monomer deposition within the 
inner support pore, and thus allow the uniform and dense film growth. 
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3.3.2  MLbL on a support coated with a PIPA interlayer  
 
3.3.2.1  Performance  
 
Interfacially polymerized poly(piperazineamide) (PIPA) was examined as a potential interlayer since 
it is able to not only simply block the support pore as a form of a ultrathin and highly permeable layer 
but also provide surface functional groups available for the MLbL deposition. PIPA was prepared by 
the conventional IP technique using a pair of PIP and TMC monomers, where the TMC concentration 
is one of main parameters that can greatly affect the surface structure (chemistry and morphology) and 
thus separation performance (Roh et al., 2006). To examine the effect of the PIPA structure on the 
MLbL growth, we prepared two types of PIPA interlayers on the PAN supports using different TMC 
concentrations (0.05 & 0.5 wt%) while maintaining the PIP concentration constant (2.0 wt%), which 
are denoted as PIPA0.05 and PIPA0.5, respectively. Figure 3.9 illustrates the water flux and NaCl 
rejection of the MLbL-assembled membrane prepared on the PIPA-coated PAN support 
(PAN(PIPA)[MPD/TMC]x) as a function of the MLbL cycle number (x).  
 
 
 
 
Figure 3.9. Water flux (Jw, circle) and NaCl rejection (R, triangle) of MLbL-assembled polyamide 
(PA) membranes on PIPA0.05 (closed symbol) and PIPA0.5 (open symbol) interlayer as a function of 
the deposition cycle number (x). The horizontal solid lines denote the water flux (black) and NaCl 
rejection (red) values of the interfacially polymerized (IP) PA membrane, respectively. 
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The PIPA0.5 interlayer prepared with higher TMC shows higher flux and lower NaCl rejection than 
PIPA0.05 interlayer made with lower TMC, indicating that looser PIPA structure was formed with the 
higher TMC concentration. This is consistent with the previous studies by other researches that lower 
amine/TMC ratio (by decreasing amine content or increasing TMC content) tends to produce more 
unreacted acyl chloride groups and thus reduce the crosslinking degree of the IP-assembled PA 
selective layer, resulting in higher water permeability and lower salt rejection (Wei et al., 2011, Jin 
and Su, 2009, Klaysom et al., 2013a). As the MLbL cycle number increased, water flux continuously 
decreased while NaCl rejection increased due to the formation of the dense MLbL PA layer. 
Interestingly, a more rapid change in the membrane performance with respect to the MLbL cycle 
number was observed for the MLbL-assembly on the PIPA0.5 interlayer compared to that on the 
PIPA0.05, which suggests that the PA selective layer is more effectively and densely grown via MLbL 
on the PIPA surface prepared with higher TMC concentration. The MLbL layer growth is likely to be 
associated with the surface functionality of the PIPA interlayer on which monomers are deposited via 
MLbL since the functional group density of the PIPA surface is dependent largely on the TMC content 
used in IP. Higher TMC concentration is known to increase the carboxyl group density of the IP-
assembled PA surface resulting from the hydrolysis of more unreacted acyl chloride groups (Ahmad 
and Ooi, 2005, Jin and Su, 2009, An et al., 2011). Hence, the PIPA0.5 interlayer prepared with higher 
TMC concentration could serve as a more effective seed interlayer for constructing a dense MLbL-
assembled PA selective layer because its higher amount of surface carboxyl groups facilitates the 
dense and strong absorption of MPD monomer at the first step of MLbL by promoting hydrogen 
bonding between carboxyl and amine groups. This could explain the higher rate of performance 
change with the MLbL cycle number for PAN(PIPA0.5)[MPD/TMC]x than that 
PAN(PIPA0.05)[MPD/TMC]x. The presence of the PIPA interlayer greatly reduced the MLbL cycle 
number (15 cycles) to reach a plateau rejection value compared to the case without interlayer (30 
cycles). Unfortunately, the maximum attainable NaCl rejection of PAN(PIPA0.5)[MPD/TMC]x (~ 84.5% 
at x=15) is still lower than that of the IP-assembled control membrane (96.8  0.9%) and thus 
unsatisfactory for RO application. This result suggests that the MLbL assembly on the PIPA possesses 
some inherent defect sites that allow the passage of the salt ions across the selective layer. The surface 
chemistry of the IP-assembled PIPA is characterized by a combination of amine and carboxyl groups 
that are distributed in a highly heterogeneous fashion (Freger, 2003), which is likely to prevent the 
uniform and compact growth of a PA selective layer via MLbL. 
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3.3.2.2  Surface morphology 
 
Figure 3.10 shows the surface morphologies of the PIPA-coated supports and the MLbL-
PA membranes (x = 15). The TMC concentration used in IP greatly affected the surface morphology 
of PIPA interlayer. The PIPA surface appeared as the nodular structures packed by the spherical 
globules whose size is larger for higher TMC (Figures 3.10a and 10c): The PIPA0.5 interlayer 
prepared with higher TMC concentration showed the rougher surface covered with larger 
aggregates or clusters (Figure 3.10c). This result is consistent with the previous observation by An 
et al. that increasing the TMC concentration progressively increases the surface roughness of the 
IP-assembled PA (An et al., 2011). The IP reaction rate enhanced by the increased amount of TMC 
is likely to facilitate nodule formation and thus produce larger polymer nodules, which are loosely 
packed to form less dense and rougher PA structure (Huang et al., 2008, An et al., 2011, Lee et al., 
2013). This structural feature can explain higher flux and lower rejection for PIPA0.5 interlayer 
compared to PIPA0.05 interlayer. The MLbL deposition on the PIPA0.5 interlayer made the surface 
smoother by filling the inter-nodular space with subsequent MLbL deposition (Figures 3.10c and 
3.10d). In contrast, the nodular surface structure became more pronounced upon the MLbL 
deposition for the PIPA0.05 interlayer (Figures 3.10a and 10b). The observed morphological change 
upon the MLbL deposition is likely to be associated with the growth mechanism of the MLbL-
assembled layer depending on the surface chemistry of the interlayer. As mentioned above, the 
surface carboxyl groups on the interlayer could act as seeding sites for binding MPD at the first step 
of MLbL and thus determine the network density of the resultant MLbL-assembled layer. The PA 
selective layer could be heterogeneously and sparely grown on the PIPA0.05 via MLbL owing to the 
lower density and heterogeneous distribution of surface carboxyl groups of the PIPA0.05 compared 
to the PIPA0.5, which results in the formation of larger and more PA aggregates and clusters. The 
less efficient growth of the MLbL PA layer on the PIPA0.05 could account for the slower 
performance change with increasing the MLbL cycle number for PAN(PIPA0.05)[MPD/TMC]x. 
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Figure 3.10. Surface morphology of (a) PAN(PIPA)0.05[MPD/TMC]0, (b) PAN(PIPA)0.05 
[MPD/TMC]15, (c) PAN(PIPA)0.5[MPD/TMC]0 and (d) PAN(PIPA)0.5[MPD/TMC]15 membranes. Scale 
bar = 400 nm for all SEM images. 
 
 
3.3.2.3 Chemical properties 
 
XPS 
The surface chemical structure of the PIPA interlayer was characterized by XPS to verify our 
hypothesis. XPS spectra of C 1s were deconvoluted to determine various binding energies and the 
corresponding chemical environments of carbon atoms of the PIPA surface. The high resolution C 1s 
spectra and the area percentages of the deconvoluted C 1s peaks of PIPA interlayers are represented in 
Figure 3.11 and Table 3.2, respectively. The deconvoluted C 1s peaks appeared at binding energies of 
285.0 eV (C1: aliphatic/aromatic CC or CH), 286.0 – 286.5 eV (C2: CO or CN), 287.9 – 288.4 
eV (C3: C=O or O=CN of amide) and 288.7 – 289.2 eV (C4: O=CO of carboxyl group) for the 
PIPA interlayers. The percentage ratio of C4 to C3 (C=O of carboxyl group/C=O of amide group) is 
higher for the PIPA0.5 interlayer than that of the PIPA0.05, indicating the PIPA0.5 surface has more 
carboxyl groups, which, in turn, induce more coordination of MPD monomer during the MLbL 
deposition and thus lead to the dense growth of the MLbL layer. 
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Figure 3.11. High resolution XPS spectra and deconvoluted peak assignment of C 1s for (a) PIPA0.05, 
(b) PIPA0.5 interlayers 
 
 
 
Table 3. 2. Different chemical bonds from the deconvolution of the XPS C 1s peaks of the PIPA 
interlayers.  
 
 
a
(Lee et al., 2013),  
b
(Akin and Temelli, 2011), 
c
(Peng et al., 2013), 
d
(Do et al., 2012)
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FT-IR 
Figure 3.12 illustrates the FT-IR spectra of the PIPA-coated supports (PAN(PIPA)) and the MLbL-
assembled membranes (PAN(PIPA)[MPD/TMC]15). Both PIPA-coated supports showed a 
characteristic peak at 1627 cm
-1
 (C=O stretching, amide I of the semi-aromatic amide) (Tang et al., 
2009). Upon the MLbL deposition, a small peak apparently appeared at 1541 cm
-1
 (N-H in-plane 
bending, amide II of the aromatic amide) with the peak at 1627 cm
-1
 being more pronounced by 
overlapping of the peak at 1610 cm
-1
 (H-bonded C=O stretching) due to the formation of an 
crosslinked aromatic PA layer via MLbL on top of PIPA interlayer. It should be noted that the 
PAN(PIPA0.5)[MPD/TMC]15 exhibited more intensified peaks at 1627 cm
-1
 and 1541 cm
-1
 with 
showing a small shoulder at 1671 cm
-1
 (C=O stretching, amide I of the aromatic PA) compared to the 
PAN(PIPA0.05)[MPD/TMC]15. This result indicates that more rapid growth of MLbL-assembled PA 
layer was taken place on the PIPA0.5 interlayer, which is consistent with the above performance data 
and morphological observation. 
 
 
 
 
 
 58 
 
 
Figure 3.12. FTIR spectra of PIPA interlayers on PAN support (PAN(PIPA0.05) and PAN(PIPA0.5)) and 
MLbL-assembled PA membranes on those (PAN(PIPA0.05)[MPD/TMC]15 and PAN(PIPA0.5) 
[MPD/TMC]15). Vertical dashed lines represent the positions of the characteristic amide peaks, 1671 
cm
-1
 (C=O stretching, amide I of aromatic PA), 1627 cm
-1
 (H-bonded C=O stretching), and 1541 cm
-1
 
(N-H in-plane bending, amide II of aromatic PA). 
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3.3.3  MLbL on a support coated with a polyelectrolyte(PEI)-based interlayer  
 
3.3.3.1  Performance  
 
Polyelectrolyte (PEI)-based interlayers were explored since they are readily fabricated on the 
substrates via electrostatic interaction and could yield more uniform surface chemistry compared to 
the PIPA interlayer. Specifically, branched and large molecular weight PEI with positive charge was 
selected because it can effectively block the support pore. Two types of PEI-based interlayers were 
fabricated to examine the effect of interlayer structure on the MLbL-assembled PA layer. A PEI-
deposited HAPN support was exposed to TMC monomer (reactive toward amine moiety in PEI) or 
negatively charged anionic PAA polyelectrolyte to prepare a crosslinked PEI (xPEI) (Park et al., 
2012b) or an electrostatic double layer (PEI/PAA), respectively, as an interlayer. 
 
Figure 3.13 shows the water flux and NaCl rejection of the MLbL-assembled membranes prepared 
on xPEI- and PEI/PAA-coated HPAN supports (HPAN(xPEI)[MPD/TMC]x and HPAN 
(PEI/PAA)[MPD/TMC]x, respectively) as a function of the MLbL cycle number. A strong trade-off 
between water flux and NaCl rejection was observed for both cases: A reduction in water flux with 
increasing the MLbL cycle number synchronized with an increase in NaCl rejection. Although the 
MLbL deposition on HPAN(xPEI) interlayer remarkably enhanced NaCl rejection, it achieved the 
limited NaCl rejection (~88.9% at x = 15), lower than that of the IP-assembled PA membrane. 
Importantly, increasing the MLbL cycle number progressively increased the NaCl rejection of 
HPAN(PEI/PAA)[MPD/TMC]x up to the value (~98.7% at x = 15) exceeding the IP-assembled PA 
membrane with maintaining over 75% higher water flux (~20.7 L m
-2
 h
-1
 at x = 15) than that of the IP-
assembled control (~11.8 L m
-2
 h
-1
).  
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Figure 3.13. Water flux (Jw, circle) and NaCl rejection (R, triangle) of MLbL-assembled polyamide 
(PA) membranes on xPEI (open symbol) and PEI/PAA (closed symbol) interlayer as a function of the 
deposition cycle number (x). The horizontal solid lines denote the water flux (black) and NaCl 
rejection (red) values of the interfacially polymerized (IP) PA membrane, respectively. 
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This result further supports our argument that the interlayer structure can make a significant 
influence on the molecular density of the fabricated MLbL selective layer and thus membrane 
separation performance. The observed superior performance of HPAN(PEI/PAA)[MPD/TMC]x to that 
of HPAN(xPEI)[MPD/TMC]x is presumably due to its higher density of the surface carboxyl groups, 
which induce strong and dense adsorption of MPD at the first MLbL step and consequently lead to the 
dense MLbL layer growth. Although an amount of carboxyl groups may be present on the xPEI 
interlayer surface due to the hydrolysis of the acyl chloride groups of TMC, their density is expected 
to be low since acyl chloride groups could be greatly consumed by reaction with amine groups of PEI. 
In addition, depositing TMC could not completely screen the presence of amine groups on PEI due to 
its small molecular size and hence greatly hinder subsequent adsorption of MPD. In contrast, 
deposition of the PAA polyelectrolyte possessing a carboxyl group per a repeating monomer unit on 
the PEI-coated support could lead to a uniform distribution of a high density of carboxyl groups on 
the PEI/PAA interlayer surface, which is favorable for the dense MLbL layer growth. 
 
 
3.3.3.2  Chemical properties 
 
XPS 
Using high resolution spectrum of XPS, the C1s peak for xPEI and PEI/PAA interlayer (Figure 
3.14a and 14b) was studied by the curve fitting as shown in above-mentioned analysis. The carbon 
peak obtained from C2 (C-O and O=C-N) and C3 (C=O) were respectively more and less intensity by 
PAA deposition (PEI/PAA) compared to TMC deposition (xPEI) based on PEI. This suggests that 
xPEI interlayer might exhibit high cross-linking ratio by using TMC under same condition of PEI 
deposition. While the C4 peak assigned to carboxylic functional group indicates high intensity in 
PEI/PAA interlayer using electrostatic interaction with the deposition of PAA. The summarized data 
deduced from the respective peaks for four interlayers are presented in Table 3.3. The C4 peak was 
found to highest percentage in PEI/PAA interlayer and indicated abundant carboxylic functional 
groups by PAA deposition which may yield successful interaction with amine monomer for MLbL.  
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Figure 3.14. High resolution XPS spectra and deconvoluted peak assignment of C 1s for (a) 
PEI/TMC and (b) PEI/PAA interlayers 
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Table 3.3. Different chemical bonds from the deconvolution of the XPS C 1s peaks of the PEI-based 
interlayers. 
 
a
(Lee et al., 2013),  
b
(Akin and Temelli, 2011), 
c
(Peng et al., 2013), 
d
(Do et al., 2012)
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Zeta potential 
Our hypothesis was supported by the result of zeta potential measurement where PEI/PAA 
interlayer had the high negative zeta potential value of -20.4  0.2 mV at pH 6.0 while xPEI had a 
much lower positive zeta potential value of 0.4  4.8 mV, indicating the higher density of negative 
charged carboxyl groups present on the PEI/PAA interlayer. 
 
 
3.3.3.3  Surface morphology 
 
Figure 3.15 shows the surface morphologies of the interlayer (xPEI and PEI/PAA)-coated 
supports and the MLbL-assembled PA membranes (x = 15). Both the interlayer-coated supports 
exhibited the smooth and uniform surfaces without visible pores, suggesting that the PEI-based 
interlayers effectively blocked the support pores (Figures 3.15a and 15c). Unlike the MLbL-
assembled PA membranes on PIPA interlayers, the MLbL deposition on both PEI-based interlayers 
produced the highly smooth PA layer without discernible PA aggregates (Figures 3.15b and 15d) 
which is attributed presumably to the relatively homogenous distribution of functional groups on 
the PEI-based interlayer surface. It should be noted that the MLbL assembly could achieve the 
highly smooth PA surface morphology quite different from intrinsically rough, ridge-and-valley 
structured PA prepared by the conventional IP using the same monomers (MPD and TMC), which 
is beneficial for antifouling (Elimelech et al., 1997, Zhu and Elimelech, 1997, Vrijenhoek et al., 
2001, Hoek et al., 2003) . Although there was no distinct difference in the surface morphology 
between the MLbL-assembled PA selective layers on PEI/PAA and xPEI, PEI/PAA is likely to serve 
as a more desirable interlayer for fabricating high-performance MLbL PA membrane applicable to 
RO as demonstrated in the above performance evaluation results. 
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Figure 3.15. Surface morphology of (a) H-PAN(PEI/TMC)[MPD/TMC]0, (b) H-PAN(PEI/TMC) 
[MPD/TMC]15, (c) H-PAN(PEI/PAA)[MPD/TMC]0, (d) H-PAN(PEI/PAA)[MPD/TMC]15 membranes. 
Scale bar = 400 nm for all SEM images. 
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3.4  Conclusions 
 
We successfully demonstrated and had reported water desalination membranes with excellent NaCl 
rejection via MLbL approach which can produce the selective layer with well-defined structure, 
minimal roughness and smooth surface. The MLbL layers fabricated on the uncoated PAN and HPAN 
support showed that the introduction of interlayer is critical to prevent the formation of weld spot and 
grow the selective layer for MLbL approach (Figure 3.16). To effectively assemble the MLbL layer on 
a porous support, we introduced a series of interlayer, interfacially polymerized PIPA with different 
TMC concentrations and acyl chloride functional TMC monomer and anionic PAA polyelectrolyte 
reacting with cationic amine functional PEI polyelectrolyte. PIPA interlayer was able to not only 
simply block the support pore but also provided surface carboxylic functional groups available for the 
MLbL deposition. High density carboxyl groups on the interlayer surface can be a key foundation of 
network layer as seeding sites for depositing amine monomer for MLbL. The functional group density 
of the PIPA surface was dependent on the TMC content. Therefore, lower density of surface carboxyl 
groups of the PIPA0.05 compared to that of PIPA0.5 was believed to make the MLbL layer growth less 
uniform and less dense. For PEI-based interlayers, TMC with reactive acyl chloride groups toward 
amine groups and anionic polyelectrolyte PAA with negatively charged carboxyl groups were applied 
to prepare a cross-linked PEI (xPEI) and an electrostatic polyelectrolyte double-layer ((PEI/PAA)), 
respectively. The observed superior performance of the MLbL-assembled membrane on PEI/PAA to 
that on xPEI was believed to be due to higher density of the carboxyl groups on the PEI/PAA surface. 
Both the PEI-based interlayers exhibited the smooth and uniform surfaces with effectively blocked the 
support pore. Although there was no distinct difference in the surface morphology between the MLbL 
assembled PAs on PEI/PAA and xPEI, PEI/PAA was sufficed as a more desirable interlayer for 
fabricating high-performance MLbL assembly applicable to RO.  
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Figure 3.16. Graphical Abstract: The introduction of interlayer between MLbL-assembled selective 
layer and support. 
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CHAPTER IV 
FABRICATION OF POLYAMIDE MEMBRANE VIA 
MOLECULAR LAYER-BY-LAYER ASSEMBLY: 
CHACTERIZATION  
 
 
 
4.1  Introduction 
 
The structural characteristics (chemistry, molecular topology, homogeneity) of the PA layer are thus 
critically important in controlling the permselectivity of the TFC membrane. The selective layer is 
traditionally fabricated via IP of MPD and TMC, which results in the formation of a highly 
crosslinked, fully-aromatic PA network (Geise et al., 2010). The rapid reaction rate between the 
diamine and triacid chloride leads to the system quickly reaching a gel point, wherein subsequent 
diffusion of both monomers becomes restricted (Freger, 2003). Thus, IP produces selective layers that 
are highly depth-heterogeneous with limited control over film thickness and have ridge-and-valley 
structures, all of which confound our understanding of the membrane performance behavior and 
ultimately limit our ability to optimize permselectivity. 
The above research reported on an introduction of interlayer for MLbL-assembled PA selective 
layers on nonporous substrates that can overcome the limitations of traditional IP. Termed MLbL 
deposition, this process involves the sequential reaction of a diamine and triacid chloride to build 
chemically robust, highly crosslinked, and dense networks that do not suffer the kinetic and mass 
transfer limitations of traditional IP. Consequently, MLbL offers a platform for creating selective 
layers whose thickness, topology, and local chemical composition are controllable at monomer 
length-scales that are not achievable via IP. Specifically, the thickness of the selective layer can be 
controlled by the number of sequential deposition cycles and the topology and the local chemical 
composition can be controlled by the type and sequence of monomers used in the MLbL assembly. 
Since this process assembles monomers at the molecular scale, the resulting films are relatively 
smooth compared to their interfacially polymerized counterparts. Additionally, the organic solvent-
based nature of MLbL allows for the use of water-insoluble monomers, thus broadening the types of 
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chemistries and functional groups that can be integrated into the selective layer (Broderick et al., 2012, 
Lomadze et al., 2010, Steiner et al., 2011).  
Despite its promising potential, translating the MLbL process to actual membranes for practical 
applications has remained challenging. The difficulty lies in creating a defect-free MLbL assembly on 
a porous support (akin to the TFC design) while avoiding deposition of monomers within the support 
itself. Such assembly has recently been attempted by Qian et al, who sequentially deposited a 
tetrafunctional amine and a tetrafunctional acid chloride on a microporous ultrafiltration support 
(Qian et al., 2012). Although such membranes were shown to be highly selective for multivalent ions, 
they exhibited a relatively low rejection (R ≈46 %) of monovalent salts such as NaCl, likely due to the 
large monomer size and associated increase in fractional free volume of the resultant selective layer 
network. Moreover, monomer deposition inside the porous support possible prevented the formation 
of defect-free layers, which deteriorated selectivity. Such performance is far below the requirements 
for desalination via RO of seawater. 
Here, this chapter reports on the successful design, construction, and performance of membranes 
constructed using the MLbL process and show that these membranes exceed the performance of 
membranes synthesized through conventional IP. In this approach, we employ a thin interlayer coating 
that inhibits the reactive monomer solutions from penetrating the porous support. We then conduct 
MLbL assembly using traditional monomers (TMC and MPD) in RO membrane fabrication, which 
are rigid aromatic monomers that display relatively low fractional free volume. The sequential MLbL 
deposition produced highly selective PA layers with controlled thickness, minimal roughness, and 
well-defined chemical composition. 
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4.2  Methodology 
 
 
4.2.1  Materials  
 
The following chemicals were used as received: Branched polyethyleneimine (PEI,  Mw = 750,000 
g mol
-1
, Sigma-Aldrich), poly(acrylic acid) (PAA, Mw = 100,000 g mol
-1
, Sigma-Aldrich), 
diethylenediamine (commonly called piperazine, PIP, Sigma-Aldrich), p-phenylenediamine (PPD, 
Sigma-Aldrich), m-phenylenediamine (MPD, Sigma-Aldrich), o-phenylenediamine (OPD, Sigma-
Aldrich), trimesoyl chloride (TMC, Sigma-Aldrich), sodium chloride (NaCl, Junsei Chemical Co.), 
sodium hydroxide (NaOH, Daejung Chemical Co.), toluene (>95%, J.T. Baker), n-hexane (>95%, J.T. 
Baker) and acetone (>95%, J.T. Baker). Deionized (DI) water (18.2 ) was prepared in a Millipore 
Milli-Q purification system. Polyacrylonitrile (PAN) ultrafiltration membranes (PAN 50) were 
obtained from Sepro Membranes, Inc. 
 
 
4.2.2  Membrane preparation 
 
 A series of TFC membranes were prepared via the MLbL approach using TMC and different 
diamines (PIP, OPD, MPD and PPD). First, a PAN support was hydrolyzed in an aqueous solution of 
2.0 M NaOH at 50 C for 2 h to increase the surface negative charge and hydrophilicity. Then, a 
single bilayer of polyelectrolyte LbL assembly was prepared on the hydrolyzed PAN (HPAN) as an 
interlayer. The negatively charged HPAN was first soaked into a cationic aqueous solution of 0.1 wt% 
PEI containing 0.5 M NaCl (pH = 10.6) for 15 min and then rinsed twice with DI water. Subsequently, 
the PEI-coated HPAN was dipped into an anionic aqueous solution of 0.1 wt% PAA containing 0.5 M 
NaCl (pH = 3.5) for 10 min, followed by rinsing twice with DI water. Next, the PA selective layer 
was created on the PEI/PAA-coated PAN support by alternatively depositing diamine and TMC 
monomers. The membrane support was soaked into the diamine monomer (1.0 wt%) solution in 
toluene for 30 sec and subsequently rinsed with acetone to remove the unreacted amine. PIP, MPD 
and OPD monomer solutions were prepared by dissolving the diamine monomer in toluene, while 
PPD was dissolved in a mixture of toluene and acetone (80 wt%/20 wt%) owing to its limited 
solubility in toluene. Then, the membranes were dipped into a TMC (1.0 wt%) solution in toluene for 
30 sec, followed by rinsing with toluene to complete one MLbL deposition cycle. This process was 
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repeated to obtain the desired number of deposition cycles. After completion of the MLbL deposition, 
the prepared membranes were dried at 70 C for 2 min and stored in DI water prior to test. TFC 
membranes were also prepared on pristine PAN and HPAN supports by conventional IP as controls. 
An aqueous solution of 2.0 wt% diamine was poured onto a PAN support and then drained off after 3 
min. The excess amine solution was removed with an air knife. Then, a TMC (0.05 wt%) solution in 
n-hexane was poured onto the membrane and allowed to react for 1 min. The polymerization reaction 
was terminated by rinsing the membrane with pure n-hexane. The prepared membranes were dried at 
70 C for 2 min and stored in DI water prior to test. 
 
 
4.2.3  Membrane Characterization 
 
 
Fourier transform infrared spectroscopy (ATR-FTIR) 
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was used to 
characterize the structure of modified and control membranes. These experiments were performed 
using a Thermo Nicolet Nexus 470 FTIR with an Avatar Smart MIRacle ATR accessory and a ZnSe 
crystal (Madison, WI). Spectra were collected in air, in the mid-infrared region (600-4000 cm
-1
), using 
128 scans at resolution 4 (1.928 cm
-1
 spacing). Data analysis was performed using the Omnic software 
provided with the instrument.  
 
 
X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) was used to characterize the chemical structures of the 
MLbL- and IP-assembled PA selective layers. XPS makes it a better choice than ATR-FTIR for 
detection of the PA layer. XPS spectra were collected on a PHI-5000 Versaprobe spectrometer using 
monochromatic Al Kα radiation at 1.49 keV. Carbon (1s), nitrogen (1s) and oxygen (1s) were detected 
using either a 0
o
 or 45
o 
takeoff angle (to probe an even thinner surface layer).  
 
 
Atomic force microscopy (AFM) 
Surface roughness was analyzed by atomic force microscopy (AFM, Veeco Nanoscope V). Samples 
were dried under vacuum prior to analysis. AFM images were acquired under ambient conditions in 
tapping mode at a 1 Hz scan rate and 256 × 256 pixel resolution with silicon cantilevers. The surface 
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root-mean-square (rms) roughness of membranes was estimated from the topography images of 2 µm 
x 2 µm area using AFM operated in tapping mode. Surface roughness was calculated using the data 
analysis software provided by the manufacturer.  
 
 
Scanning electron microscopy (SEM) 
The surface morphologies of the PA layers were characterized by scanning electron microscopy 
(SEM, FEI inspect F50). SEM micrographs of membrane surfaces were obtained at an accelerating 
voltage of 10 kV. All specimens received one minute of gold coating. The cross-sectioned samples 
were prepared by fracturing water-wetted membrane in liquid nitrogen.  
 
 
Transmission electron microscopy (TEM) 
Cross-sectional images of TFC membranes were obtained using transmission electron microscopy 
(TEM, FEI Tecnai F20 G2). To prepare TEM samples, the polyester fabrics were removed from TFC 
membranes, and the prepared samples were embedded in Epon resin (EMbed 812), followed by 
curing at 60 C for 24 h. Approximately (60 to 90) nm thick sections were cut on an ultramicrotome 
(Reichert Ultracut S) and mounted onto copper grids. The cross-sections of the selective layers of 
TFC membranes were imaged at an accelerating voltage of 300 kV.  
 
 
Contact angle 
Surface wettability is commonly reflected by the contact angle formed between a membrane surface 
and a deposited droplet. The contact angle has been employed for supporting the relationship between 
the membrane fouling and surface properties. In this study, water contact angles of membrane 
surfaces using a sessile drop technique were measured with a goniometer (NRL CA Goniometer, 
Rame-Hart Inc.) equipped with a video capture apparatus at room temperature. The average values of 
static contact angles were obtained from at least 5 measurements for each membrane sample. A dried 
membrane coupon was mounted on a slide glass, and droplets of 5 µL of Milli-Q water was laid on it. 
The measured contact angle was the average of the left and right angles of each drop. 
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Zeta Potential 
 
The combination of relatively smooth, hydrophilic, and negatively charged film layer typically 
produces better water permeability. The zeta potential values of membrane surfaces were measured 
with an electrophoretic measurement apparatus (ELSZ, Otsuka Electronics) using a plate sample cell. 
The zeta potential was determined in a background aqueous solution of NaCl (10 mM) containing 
mobility-monitoring particles at pH 6 estimated using the simple Smoluchowski equation.   
 
 
4.2.4  Membrane performance and fouling evaluation 
 
 
Performance evaluation 
The performance test of membranes was conducted with a cross-flow module with a membrane area 
(A) of 14.5 cm
2
. All filtration experiments were carried out using an aqueous solution of NaCl (2,000 
mg L
-1
) as a feed solution at an operating pressure of 15.5 bar and a flow rate of 1 L min
-1
. 
Performance data were collected after flow conditions had reached the steady state.  
Water flux (Jw, Lm
-2
h
-1
) was calculated from the amount of the collected permeate (V) for a fixed 
time (t) by the following equation. 
 
𝐽𝑤 (𝐿𝑚
−2ℎ−1) =
𝑉
𝐴𝑡
                        (4.1) 
 
Salt rejection (R, %) was determined from the NaCl concentrations in the feed (Cf) and the permeate 
(Cp) solutions which were measured with a conductivity meter (Ultrameter II, Myron L. Company) 
using the following equation. 
 
R(%) = (1 −
𝐶𝑝
𝐶𝑓
) × 100                     (4.2) 
 
 
Fouling evaluation 
Membrane fouling experiments were performed with a cross-flow filtration system. Each membrane 
was compacted with DI water at an operating pressure of 15.5 bar until the permeate flux reached a 
plateau. Subsequently, the bovine serum albumin (BSA) model foulant was instantaneously added to 
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the reservoir to make the concentration of 100 mg L
-1
, and the water flux was monitored at certain 
time intervals (Xu et al., 2006, Elimelech et al., 1997, Lee et al., 2010). The membrane fouling extent 
was evaluated by the relative flux, which is the measured water flux normalized by the initial value. 
Colloidal fouling is strongly correlated with membrane surface roughness and wettability.  
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4.3  Results and Discussion 
 
The sequential MLbL deposition produced highly selective PA layers with controlled thickness, 
minimal roughness, and well-defined chemical composition. As a result, only 15 cycles of MLbL 
assembly were needed to achieve the targeted NaCl rejection (R > 98%) while the flux was about 
75 % greater than a traditional interfacially polymerized PA membrane. The high salt rejection 
demonstrates that the molecular topology from MLbL is sufficiently similar to traditional IP, while 
the reduced thickness of the selective layer (≈25 nm) equates to a reduced hydraulic resistance and 
shorter diffusive path length for water to pass through the membrane. Additionally, we show that the 
reduced surface roughness and chemical homogeneity achieved by MLbL deposition mitigated 
membrane fouling. A schematic comparison of the MLbL-assembled and interfacially polymerized 
(IP) PA- TFC membranes is shown in Figure 4.1. 
 
 
 
Figure 4.1. Schematic illustration of the fabrication of PA composite membranes via (a) Molecular 
Layer-by-Layer (MLbL) deposition and (b) traditional interfacial polymerization (IP). 
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4.3.1  Surface morphology 
 
We start with a poly(acrylonitrile) (PAN) ultrafiltration support with an average pore diameter of 15 
nm. To block the pore structure of the PAN support, we affixed an interlayer consisting of one bilayer 
of polyelectrolyte LbL assembly of branched-poly(ethyleneimine) (PEI, positively charged) and 
poly(acrylic acid) (PAA, negatively charged) though electrostatic interaction. The PAN support is 
hydrolyzed with NaOH prior to adsorption of PEI to generate a requisite net negative charge on the 
surface. We investigated other interlayers as shown in Chapter III and found that a combination of 
high molecular mass, branched-PEI and PAA was the most efficient to seal the porous support with 
the minimal flux loss, as evidenced by the disappearance of pores under scanning electron microscopy 
(SEM) (Figure 4.2).  
 
 
 
Figure 4.2. Top-down SEM images of (a) the pristine PAN and (b) the interlayer (one PEI/PAA 
bilayer) atop the PAN (MLbL0). The pristine PAN membrane has relatively uniform pores of about 15 
nm in diameter. No pore are visible after the PAN is coated with the interlayer. Scale bar = 100 nm. 
 
 
4.3.2  Chemical properties 
 
Additionally, the high density of carboxylic acid groups in PAA facilitates hydrogen bonding with 
the MPD monomer in the first MLbL deposition. The modified PAN support was then alternatively 
dipped into the two monomer solutions (MPD and TMC) in toluene and subsequently rinsed with 
proper solvents after each dipping step, leading to the multilayered, crosslinked, fully-aromatic PA 
layers. Acetone and toluene were employed as rinsing solvents for MPD and TMC, respectively. The 
type of rinsing solvents for MPD plays an important role in the structures and properties of the MLbL 
a) b)
 77 
 
layers (Chan et al., 2012). We found that rinsing with acetone after the MPD deposition step resulted 
in markedly better membrane performance than other solvents (e.g., tetrahydrofuran, alcohols). We 
believe this is a result of the excellent solubility of MPD in acetone, acetone’s high volatility, and the 
relatively low swelling of the PAN support by acetone. The sequential MLbL deposition process was 
repeated until the desired PA thickness was reached, and reaction was terminated with the TMC 
deposition step to yield analogous surface chemistry and charge to that of interfacially polymerized 
(IP) PAs. The MLbL-assembled membranes are denoted as MLbLx, where x is the number of 
deposition cycles. Note that MLbL0 indicates the interlayer (PEI/PAA)-coated PAN membrane with 
no MLbL deposition. As a control, we also performed traditional IP of MPD/TMC on the PAN 
support for comparison against our MLbL membranes (see Supporting Information for details). 
Chemical analysis by Fourier transform-infrared spectroscopy (FT-IR) and X-ray photoelectron 
spectroscopy (XPS) revealed that both MLbL-PA and IP-PA have similar chemical structures (Figure 
4.3). 
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Figure 4.3. (a) FT-IR spectra of the MLbL0, MLbL15, and interfacially polymerized (IP) polyamide 
(PA) membranes. Vertical dashed lines represent the positions of the characteristic amide peaks 
(1,665 cm
-1
 (amide I, C=O stretching), 1,610 cm
-1
 (H-bonded C=O), and 1,541 cm
-1
 (amide II, N-H 
bending). (b) XPS atomic contents of the MLbL15-PA and IP-PA membranes. While both PA 
membranes have the similar chemical composition, the MLbL15 has the relatively higher oxygen 
content, which is likely due to the higher density of carboxylic acid groups (hydrolyzed from 
unreacted acyl chloride) on the acyl chloride-terminated MLbL15-PA surface. 
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4.3.3  Performance depending on MLbL deposition cycle 
 
Next, we evaluated the performance of the MLbL-PA membranes via crossflow filtration and 
compared those results to the IP-PA membrane (control). The water flux (Jw) and salt rejection (R) of 
MLbL membranes was assessed as a function of the deposition cycle number (Figure 4.4). The results 
show that membrane performance was tunable by adjusting the number of MLbL bilayers. In 
particular, the MLbL10 showed ≈82 % increase in water flux [(21.5  3.7 vs. 11.8  3.3) L m
-2
 h
-1
] 
with similar rejection [(95.7  0.9 vs. 96.8  0.9) %] compared with the interfacially polymerized 
analog. More importantly, as the deposition cycle increased, rejection increased progressively until it 
reached (98.7  0.3) % for the MLbL15, which was even higher than that of the IP membrane, (96.8  
0.9) %, while still having exhibiting a remarkable 75 % enhancement in water flux, (20.7  3.7) L m-2 
h
-1
. This demonstrates that MLbL deposition can create defect-free, highly-selective layers on porous 
supports in a controlled manner that can be used for RO membranes.  
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Figure 4.4. (a) Water flux (Jw, filled symbols) and NaCl rejection (R, unfilled symbols) of MLbL-
assembled polyamide (PA) membranes as a function of the deposition cycle number (x). The 
horizontal solid and dashed lines denote the water flux and NaCl rejection values of the interfacailly 
polymerized (IP) PA membrane, respectively. (b) Normalized water flux of MLbL-assembled PA 
membranes as a function of deposition cycle number (x). The measured water flux was normalized by 
the water flux of PEI/PAA-coated PAN (0 cycle of MLbL). The dashed line is a fit of the data to 
Equation (3), which is a resistance-in-series model comprised of the multiple discrete layers of the 
composite membrane. All performance tests were conducted using aqueous solution of NaCl (2,000 
mg L
-1
) at an operating pressure of 15.5 bar.   
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4.3.4  Solution diffusion model for transport through the MLbL-assembled PA selective 
layer 
 
To better understand the performance of these composite membranes, we must look at the solution 
diffusion model for transport through the membranes. According to the model, water flux (𝐽𝑤) is 
dependent on the selective layer thickness (ℎ) and its water permeability (𝑃𝑤 = product of water 
diffusivity (𝐷𝑤) and solubility (𝐾𝑤)), as well as the driving force (∆𝑝) needed to overcome the 
osmotic pressure (∆𝜋). Because the thickness and water permeability are difficult to measure for 
actual membranes, these constants are substituted by a proportionality constant 𝐴, referred to as the 
apparent water permeability coefficient (Geise et al., 2010, Ghosh et al., 2008a). 
 
𝐽𝑤 =
𝑃𝑤
ℎ
𝜌𝑊𝑉
𝑅𝑇
(Δ𝑝 − Δ𝜋) = 𝐴(Δ𝑝 − Δ𝜋)  (4.3) 
 
According to this equation, the water flux is inversely proportional to the selective layer thickness 
and directly proportional to the water diffusivity. Therefore, the flux reduction or hydraulic resistance 
(𝐴−1) after the first MLbL deposition can be attributed to the decreased water permeability that 
results from the formation of a dense PA layer. The increase in the selective layer thickness with the 
subsequent MLbL deposition after the first cycle leads to a progressive decrease in flux, which is 
again consistent with Equation (4.3), and can be described by a hydraulic resistance-in-series model: 
 
𝐽𝑤,𝑥 =
(Δ𝑝−Δ𝜋)
(𝐴𝑚𝐿𝑏𝐿
−1+𝐴𝐿𝑏𝐿
−1+𝐴𝑃𝐴𝑁
−1)
≈
(Δ𝑝−Δ𝜋)
(𝐴𝑚𝐿𝑏𝐿
−1+𝐴𝐿𝑏𝐿
−1)
   (4.4) 
 
 
where 𝐴𝑚𝐿𝑏𝐿, 𝐴𝐿𝑏𝐿, and 𝐴𝑃𝐴𝑁 correspond to the apparent water permeability coefficient of the 
MLbL layer, the (PEI/PAA) LbL interlayer, and the PAN support, respectively. Because the porous 
PAN support has minimal hydraulic resistance relative to the dense MLbL layer and interlayer, the 
total water flux is determined largely by 𝐴𝑚𝐿𝑏𝐿 and 𝐴𝐿𝑏𝐿. Comparing Equation (4.3) with the water 
flux for the composite membrane without MLbL (𝐽𝑤,0), a normalized water flux scaling relationship 
is developed to demonstrate the contribution of the MLbL layer to the decrease in water flux. 
 
𝐽𝑤,𝑥
𝐽𝑤,0
=
(𝐴𝑚𝐿𝑏𝐿)
(𝐴𝑚𝐿𝑏𝐿+𝐴𝐿𝑏𝐿)
= (1 +
𝑃𝐿𝑏𝐿
𝑃𝑚𝐿𝑏𝐿
ℎ𝑚𝐿𝑏𝐿
ℎ𝐿𝑏𝐿
)
−1
   (4.5) 
 
 82 
 
 
We normalize the water flux of the MLbLx composite membrane with that of the composite 
membrane without MLbL as a function of 𝑥. Figure 4.4b displays the normalized water flux results 
along with the fit using Equation (4.5).  
 
 
4.3.5  The thickness of the selective layer 
 
To determine layer thicknesses, SEM and transmission electron microscopy (TEM) were used to 
characterize the morphology of the selective layers. Figure 4.5 shows electron micrographs of the top-
down and cross-sections of the interfacially polymerized (IP) and MLbL-assembled PA membranes. 
The IP-PA exhibited the rough ridge-and-valley morphology that is typical of interfacially 
polymerized, fully-aromatic PAs (Figure 4.5a) (Elimelech and Phillip, 2011, Geise et al., 2010), 
whereas the MLbL15-PA had a significantly smoother surface (Figure 4.5b). The cross-sectional TEM 
images revealed the depth-heterogeneous nature of the IP-PA (Figure 4.5c), in contrast to the fairly 
dense and nearly depth-homogeneous structure of the MLbL15-PA (Figure 4.5d). The selective layer 
thickness of the MLbL15 membrane was determined to be ≈25 nm, which is much thinner than that of 
the IP-PA layer (≈110 nm). Considering the selective layer thicknesses of the MLbL10 and MLbL15 
membranes were 20 nm and 25 nm, respectively, the average thickness per MLbL deposition cycle 
can be calculated to be ≈1.0 nm. This is in a good agreement with the result reported by Johnson et al., 
who experimentally determined the linear film growth rate of ≈0.9 nm/cycle for MLbL deposition of 
TMC/MPD on silicon surfaces (Johnson et al., 2012a).  
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Figure 4.5. Top-down SEM images of (a) the interfacially polymerized (IP) polyamide (PA) 
membrane and (b) the MLbL15-assembled PA membrane. Cross-sectional TEM images of the selective 
layers of (c) the IP-PA, (d) the MLbL15-PA, and (e) the MLbL10-PA membranes. Scale bar = 100 nm 
for all the micrographs. 
 
 
Using ℎ𝐿𝑏𝐿= 10 nm and ℎ𝑚𝐿𝑏𝐿= (1 nm/cycle) × (cycle, x), Equation (3) calculates that the ratio of 
the water permeabilities, 𝑃𝐿𝑏𝐿 𝑃𝑚𝐿𝑏𝐿⁄ = 1.2. While pressure-dependent flux measurements are needed 
to quantify the water permeabilites of the selective layers, this permeability ratio value suggests that 
the MLbL layer is less permeable than the LbL interlayer, which is consistent with the notion that the 
MLbL is a denser selective layer that significantly reduces water and salt permeability. Moreover, the 
fit of Equation (3) to the data at lower 𝑥 is non-ideal likely due to non-linear growth of the MLbL on 
PEI/PAA-coated PAN for low cycle numbers. This deviation at lower 𝑥 can also be explained by the 
changeable water permeability of the MLbL-PA for low cycle numbers, evidenced by the deposition 
cycle-dependent wettability (Figure 4.6). 
 
 
a) b)
c) d)
e)
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Figure 4.6. (a) Water contact angles of the MLbL-assembled polyamide (PA) membranes as a 
function of the MLbL deposition cycle. The dashed horizontal line indicates the contact angle value of 
the interfacially polymerized (IP) PA membrane. The representative contact angle images of (b) the 
MLbL15-PA and (c) the IP-PA membranes. The improved wettability for the MLbL15 membrane is 
attributed mainly to the hydrophilic carboxylic acid-rich nature of the MLbL-assembled PA surface, 
as evidenced by the above XPS analysis. 
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Importantly, these results demonstrate that MLbL overrides the materials requirements imposed by 
Equation (4.3). Unlike the IP-PA membranes, whose thickness control and monomer chemistries are 
intimately coupled, MLbL offers a unique strategy for precise control of the selective layer thickness 
that is independent of the specific monomer chemistries. Because the thickness control is on the order 
of 1 nm per cycle, the MLbL-PA membranes can be tailored to have specific and enhanced water 
permeation rates compared to the IP-PA membrane while having the improved salt rejection, as 
demonstrated by the MLbL15.  
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4.3.6  Roughness of PA membrane fabricated via MLbL and IP 
 
Besides confirming that we have successfully fabricated the MLbL-PA and IP-PA atop the PAN 
porous supports, the micrographs highlight the advantage of MLbL in creating more uniform and 
thinner skin layer with smoother surface compared to traditional IP, despite the fact that the same 
monomers were used. Atomic force microscopy (AFM) estimated the root mean square (rms) 
roughness of the IP-PA to be (45.1  10.7) nm compared to (3.4  0.6) nm for the MLbL15-PA (Figure 
4.7). Such a high level of roughness for the IP-PA has been attributed to the rapid, uncontrolled 
reaction rate occurring at multiple interfaces (Freger, 2003, Freger, 2005), whereas the smoother 
surface for the MLbL-PA results from the controlled polymerization at a single monomer layer due to 
the stoichiometry-limiting feature of the MLbL approach (Johnson et al., 2012a, Lomadze et al., 
2010).  
 
 
 
Figure 4.7. AFM topographic images of the MLbL15 and IP- PA membranes. 
 
 
mLbL15
rms = 3.4 ± 0.6 nm
0.2 m
0 m
2.0 m
IP
rms = 45.1 ± 10.7 nm
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4.3.7  Fouling performance of PA membrane 
 
The roughness of membranes is important when trying to understand the fouling behavior of such 
membranes. Membrane fouling is strongly correlated with the roughness of membrane surface 
(Vrijenhoek et al., 2001). To illustrate this point, the relative water fluxes of MLbL15-PA and IP-PA 
membranes were monitored as a function of time during the filtration with the feed solution 
containing a model foulant, bovine serum albumin (BSA). For both membranes, the flux decreased 
rapidly in the early stage until reaching a plateau. However, the MLbL membrane exhibited a lower 
ultimate flux decline (≈10 %) than the IP membrane (≈16 %), demonstrating its superior antifouling 
ability (Figure 4.8).  
 
 
Figure 4.8. Fouling studies of the interfacially polymerized (IP) and MLbL15-assembled PA 
membranes. Water flux was normalized by the initial flux value as a function of filtration time upon 
the addition of BSA foulants (100 mg L
-1
). 
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The membrane surface charge is one of important properties governing the fouling, in particular for 
negatively charged BSA in the feed solution at pH > 4.8 (Vrijenhoek et al., 2001). It was found that 
there was no discernible difference in zeta potential values at pH = 6.0 between MLbL15 [(-22.4  2.3) 
mV] and IP [(-21.8  1.9) mV] membranes within measurement error. Hence, the lower fouling 
propensity for the MLbL membrane is likely due to the surface smoothening combined with an 
observed enhancement in wettability (Figure 4.6) imparted by MLbL deposition that can reduce the 
hydrophobic interaction between the hydrophobic BSA molecule and the membrane surface 
(Vrijenhoek et al., 2001, Ishigami et al., 2012). The MLbL-assembled PA membrane exhibited the 
improvement of fouling resistance that decreases addition of chlorine to control the biofouling. The 
smooth PA selective layer was produced using MLbL technique and still degraded by chlorine (not 
shown here).  
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4.4  Conclusions 
 
We describe a strategy based on MLbL deposition to prepare highly permeable, lower fouling RO 
membranes by fabricating selective layers whose thickness, roughness, and chemical composition are 
controllable at the molecular level. The membrane performance can be tuned by the number of the 
monomer deposition cycles. Sequential MLbL deposition cycles created ultrathin, defect-free PA 
selective layer with minimal roughness, achieving improved permselectivity and enhanced fouling-
resistence compared to traditional interfacially polymerized membranes. The structures and functions 
of the fabricated multilayerd structure could be further varied through changing monomer chemistry 
and incorporating functional nanomaterials. The versatility of this MLbL approach could offer a new 
pathway in the design of a wide range of nanoscale assemblies applicable to gas separation 
membranes, fuel cell, microfluidics, biomedical devices, and antifouling coatings.  
 
 
 
Figure 4.9. Graphical abstract of MLbL-assembled PA membrane for desalination 
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CHAPTER V 
FABRICATION OF POLYAMIDE MEMBRANE VIA MLBL 
ASSEMBLY: EFFECT OF AMINE MONOMER  
 
 
 
5.1  Introduction 
 
 
The key component of the RO process is the asymmetric thin-film composite (TFC) membrane 
comprising of a highly crosslinked PA selective layer on a hierarchical porous polymeric support 
structure (Geise et al., 2010). Separation or screening of the salt ions and pure water occurs within this 
PA selective layer. Therefore, both the extrinsic (thickness, roughness, surface functionality) and 
intrinsic (chemistry, molecular topology, molecular homogeneity) properties of this PA layer are 
critical to controlling the water flux, salt flux and selectivity between the salt ions and water.   
The PA selective layers of current state-of-the-art TFC membranes are made by variations of the IP 
technique that was pioneered by Cadotte in the late 70s (Cadotte et al., 1981). The typical IP process 
involves impregnating a porous polymeric support with an aqueous diamine solution and subsequent 
exposure to an organic triacid chloride solution. Polymerization reaction occurs at the organic phase 
of the water-oil interface formed by two immiscible solutions due to the negligible solubility of acid 
chlorides in water and moderate solubility of amines in organic solvents. Amine monomers diffuse 
from the aqueous phase to the organic phase to rapidly react with the acid chloride and the IP reaction 
proceeds via a diffusion-limited process (Chai and Krantz, 1994, Xie et al., 2012, Freger, 2003) 
Depending on the process variables such as reactivity, solubility and diffusivity of the specific 
monomers, surface tension and viscosity of solvents, etc., the IP process produces an ultrathin PA 
layer with a unique surface morphology and a film thickness ranging from ≈20 nm to ≈200 nm. IP 
satisfies many of the requirements for a commercial TFC because it facilitates scalable manufacturing 
of a dense and ultrathin PA semi-permeable membrane. However, the IP-assembled TFCs are far from 
ideal because both the extrinsic and intrinsic properties of the PA layer are largely dictated by the 
process variables mentioned above (Kwak et al., 2001, Ghosh et al., 2008a, Klaysom et al., 2013b). In 
addition to film thickness, properties including surface roughness, homogeneity of the PA network 
structure and chemical functionality are highly dependent on the process variables. Since the process 
 91 
 
variables are convoluted with one another in IP, it is not straightforward to control one property 
without affecting another property (Ghosh et al., 2008a). This complex IP process leads to difficulty in 
fabricating TFC membranes with well-defined and deconvoluted intrinsic and extrinsic properties.  
In an effort to overcome some of the limitations of IP for fabricating TFC membranes, we have 
recently devised an alternative approach termed MLbL. The MLbL approach is analogous to atomic 
layer deposition and polymer LbL, where the PA layer is constructed one monomer layer at a time via 
alternate crosslinking of the diamine and triacid chloride. We demonstrated that MLbL can 
successfully fabricate PA TFC membranes that exceed the RO performance of the IP-assembled 
membranes (Gu et al., 2013). The performance enhancements of these MLbL-assembled TFC 
membranes are associated with precise control over the PA layer thickness, network structure and 
surface roughness facilitated by MLbL.  
A shortcoming of our previous work is that the study was limited to studying MLbL-assembled TFC 
membranes fabricated using MPD and TMC as the diamine and triacid chloride monomers, 
respectively. Since the work did not apply MLbL to the fabrication of TFC membranes using other PA 
monomer chemistries, it failed to address the primary limitation of IP, which is the inability to 
decouple the extrinsic and intrinsic properties of the PA layer. Independently controlling over the 
extrinsic and intrinsic properties of the PA is vitally important in designing membranes with 
performance characteristics applicable to water purification, water treatment as well as seawater 
desalination. In this contribution, we address these questions by applying MLbL to fabricate TFC 
membranes using other PA monomer chemistries. We measure the water and salt permeation of these 
MLbL-assembled membranes and compare them with their IP counterparts to show that the 
performance of the MLbL-assembled membranes is not only superior but can also be tailored because 
the selective layer thickness, roughness, and PA chemistry can be independently controlled. 
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5.2  Methodology 
 
 
5.2.1  Materials 
 
 The following chemicals were used as received: Branched polyethyleneimine (PEI,  Mw = 750,000 
g mol
-1
, Sigma-Aldrich), poly(acrylic acid) (PAA, Mw = 100,000 g mol
-1
, Sigma-Aldrich), 
diethylenediamine (commonly called piperazine, PIP, Sigma-Aldrich), p-phenylenediamine (PPD, 
Sigma-Aldrich), m-phenylenediamine (MPD, Sigma-Aldrich), o-phenylenediamine (OPD, Sigma-
Aldrich), trimesoyl chloride (TMC, Sigma-Aldrich), sodium chloride (NaCl, Junsei Chemical Co.), 
sodium hydroxide (NaOH, Daejung Chemical Co.), toluene (>95%, J.T. Baker), n-hexane (>95%, J.T. 
Baker) and acetone (>95%, J.T. Baker). Deionized (DI) water (18.2 ) was prepared in a Millipore 
Milli-Q purification system. Polyacrylonitrile (PAN) ultrafiltration membranes (PAN 50) were 
obtained from Sepro Membranes, Inc. The chemical structure of the amine monomers and TMC is 
illustrated in Figure 5.1. 
 
 
Figure 5.1. Chemical structure of OPD(o-phenylenediamine), MPD(m-phenylenediamine), PPD(p-
phenylenediamine), PIP(piperazine), and TMC(trimesoyl chloride) 
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5.2.2.  Fabrication of membrane with PA selective layer via MLbL 
 
A series of TFC membranes were prepared via the MLbL approach using TMC and different 
diamines (PIP, OPD, MPD and PPD) (Figure 5.2). First, a PAN support was hydrolyzed in an aqueous 
solution of 2.0 M NaOH at 50 C for 2 h to increase the surface negative charge and hydrophilicity. 
Then, a single bilayer of polyelectrolyte LbL assembly was prepared on the hydrolyzed PAN (HPAN) 
as an interlayer. The negatively charged HPAN was first soaked into a cationic aqueous solution of 
0.1 wt% PEI containing 0.5 M NaCl (pH = 10.6) for 15 min and then rinsed twice with DI water. 
Subsequently, the PEI-coated HPAN was dipped into an anionic aqueous solution of 0.1 wt% PAA 
containing 0.5 M NaCl (pH = 3.5) for 10 min, followed by rinsing twice with DI water. Next, the PA 
selective layer was created on the PEI/PAA-coated PAN support by alternatively depositing diamine 
and TMC monomers. The membrane support was soaked into the diamine monomer (1.0 wt%) 
solution in toluene for 30 sec and subsequently rinsed with acetone to remove the unreacted amine. 
PIP, MPD and OPD monomer solutions were prepared by dissolving the diamine monomer in toluene, 
while PPD was dissolved in a mixture of toluene and acetone (80 wt%/20 wt%) owing to its limited 
solubility in toluene. Then, the membranes were dipped into a TMC (1.0 wt%) solution in toluene for 
30 sec, followed by rinsing with toluene to complete one MLbL deposition cycle. This process was 
repeated to obtain the desired number of deposition cycles. After completion of the MLbL deposition, 
the prepared membranes were dried at 70 C for 2 min and stored in DI water prior to test.  
 
 
Figure 5.2. The Molecular Layer-by-Layer (MLbL) approach using various amine monomers (OPD, 
MPD, PPD and PIP) for fabricating polyamide (PA) thin film composite (TFC) membranes. 
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5.2.3  Fabrication of PA selective layer via IP on PAN/HPAN supports 
 
TFC membranes were also prepared on pristine PAN and HPAN supports by conventional IP as 
controls. An aqueous solution of 2.0 wt% diamine was poured onto a PAN support and then drained 
off after 3 min. The excess amine solution was removed with an air knife. Then, a TMC (0.05 wt%) 
solution in n-hexane was poured onto the membrane and allowed to react for 1 min. The 
polymerization reaction was terminated by rinsing the membrane with pure n-hexane. The prepared 
membranes were dried at 70 C for 2 min and stored in DI water prior to test. 
 
 
5.2.4  Membrane characterization 
 
  
X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) was used to characterize the chemical structures of the 
MLbL- and IP-assembled PA selective layers. XPS makes it a better choice than ATR-FTIR for 
detection of the PA layer. XPS spectra were collected on a PHI-5000 Versaprobe spectrometer using 
monochromatic Al Kα radiation at 1.49 keV. Carbon (1s), nitrogen (1s) and oxygen (1s) were detected 
using either a 0
o
 or 45
o 
takeoff angle (to probe an even thinner surface layer).  
 
 
Atomic force microscopy (AFM) 
Surface roughness was analyzed by atomic force microscopy (AFM, Veeco Nanoscope V). Samples 
were dried under vacuum prior to analysis. AFM images were acquired under ambient conditions in 
tapping mode at a 1 Hz scan rate and 256 × 256 pixel resolution with silicon cantilevers. The surface 
root-mean-square (rms) roughness of membranes was estimated from the topography images of 2 µm 
x 2 µm area using AFM operated in tapping mode. Surface roughness was calculated using the data 
analysis software provided by the manufacturer.  
 
 
Scanning electron microscopy (SEM) 
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The surface morphologies of the PA layers were characterized by scanning electron microscopy 
(SEM, FEI inspect F50). SEM micrographs of membrane surfaces were obtained at an accelerating 
voltage of 10 kV. All specimens received one minute of gold coating. The cross-sectioned samples 
were prepared by fracturing water-wetted membrane in liquid nitrogen.  
 
 
Transmission electron microscopy (TEM) 
Cross-sectional images of TFC membranes were obtained using transmission electron microscopy 
(TEM, FEI Tecnai F20 G2). To prepare TEM samples, the polyester fabrics were removed from TFC 
membranes, and the prepared samples were embedded in Epon resin (EMbed 812), followed by 
curing at 60 C for 24 h. Approximately (60 to 90) nm thick sections were cut on an ultramicrotome 
(Reichert Ultracut S) and mounted onto copper grids. The cross-sections of the selective layers of 
TFC membranes were imaged at an accelerating voltage of 300 kV.  
 
 
5.2.5  Membrane performance evaluation 
 
The performance test of membranes was conducted with a cross-flow module with a membrane area 
(A) of 14.5 cm
2
. All filtration experiments were carried out using an aqueous solution of NaCl (2,000 
mg L
-1
) as a feed solution at an operating pressure of 15.5 bar and a flow rate of 1 L min
-1
. 
Performance data were collected after flow conditions had reached the steady state.  
Water flux (Jw, Lm
-2
h
-1
) was calculated from the amount of the collected permeate (V) for a fixed 
time (t) by the following equation. 
 
𝐽𝑤 (𝐿𝑚
−2ℎ−1) =
𝑉
𝐴𝑡
                        (5.1) 
 
Salt rejection (R, %) was determined from the NaCl concentrations in the feed (Cf) and the permeate 
(Cp) solutions which were measured with a conductivity meter (Ultrameter II, Myron L. Company) 
using the following equation. 
 
R(%) = (1 −
𝐶𝑝
𝐶𝑓
) × 100                    (5.2) 
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5.3  Results and discussion 
 
We apply both MLbL and IP approaches to fabricate TFC membranes with four different aromatic 
PA chemistries (one semi-aromatic and three fully-aromatic PAs with different isomeric positions of 
amine moieties). The chemical structures of the four PAs were designed by varying the type of 
diamines while using the same triacid chloride (trimesoyl chloride, TMC) as shown in Figure 5.3 We 
were interested in investigating the effect of aromaticity and isomerism of these PAs on the membrane 
performance because they are commonly used as the selective layer of TFC membranes for RO or 
nanofiltration (NF) applications.  
 
 
 
Figure 5.3. Four PAs investigated in this work: Poly(diethylenediamine trisamide) (P(DDTA)), 
poly(p-phenylenediamine trisamide) (P(pPDTA)), poly(m-phenylenediamine trisamide) (P(mPDTA)), 
and poly(o-phenylenediamine trisamide) (P(oPDTA)). 
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To fabricate a MLbL-assembled PA TFC membrane, we begin by hydrolyzing a commercial 
poly(acrylonitrile) (PAN) ultrafiltration porous support with NaOH (HPAN) and then coating it with a 
single bilayer of polyelectrolyte LbL assembly as an interlayer that blocks the support pore and thus 
faciliates the uniform layer growth via MLbL. The hydrolyzation process enhances the negative 
charge density and hydrophilicity of the PAN surface (Klaysom et al., 2013). The two polyions used 
are branched poly(ethyleneimine) (PEI) and poly(acrylic acid) (PAA). Branched PEI was selected 
because 1) it is positively charged, thus facilitaing adsorption onto the negatively charged PAN 
surface and 2) its large molecular size can effectively block the pores of the PAN thus allowing the 
fabrication of a uniform and defect-free PA selective layer via subsequent MLbL (Gu et al., 2013). 
PAA was selected since it contains a high density of negatively charged carboxylic acid groups that 
facilitate electrostatic interaction and/or hydrogen bonding with the positively charged diamine 
monomer in the first MLbL deposition. Next, the polyelectrolyte LbL-coated PAN support was 
alternatively dipped into the two monomer solutions and rinsed with the appropriate rinse solvents 
after each dipping step to yield the crosslinked PA selective layer. For the poly(m-phenylenediamine 
trisamide) (P(mPDTA)) system, the diamine and triacid chloride monomers are MPD and TMC, 
respectively. This MLbL deposition procedure was repeated until the desired cycle number was 
obtained with one cycle represented by the reaction between the diamine and triacid chloride. Each 
PA system was fabricated by MLbL with 0, 1, 5, 10 and 15 cycles. We also fabricated the IP-
assembled PA TFC membranes for comparison purposes. The PAN support was first impregnated 
with a diamine aqueous solution and then exposed to a TMC solution in n-hexane to produce the 
crosslinked PA layers. Process parameters such as monomer concentrations, reaction time and drying 
condition were optimized to show the best NaCl rejection of the resultant TFC membrane for 
P(mPDTA). Then, the same process parameters were applied to the fabrication of the other PAs. In 
addition, the IP-assembled TFC membranes were prepared either on pristine PAN or on HPAN to 
consider the effects of the support type on membrane performance. 
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5.3.1  Surface morphology 
 
The surface structures of the IP- and MLbL-assembled PA selective layers for the four PA systems 
are shown in Figure 5.4. The scanning electron microscope (SEM) images presented in Figure 5.4a 
illustrates the vast difference in the surface morphologies of the IP-assembled PAs using the same 
triacid chloride but slightly different structures of diamine, which is in good agreement with the 
observation by other researchers (Kwak et al., 1999). Keeping the other process variables fixed, even 
a small change in the amine monomer structure results in a dramatic variation in the surface 
morphology. This stems from the difference in the reactivity, solubility and diffusivity depending on 
the monomer structure that significantly alters the IP mechanism (Ghosh et al., 2008a, Li et al., 2008, 
Juhn Roh, 2003), which has profound impacts on the membrane performance including water flux, 
salt rejection and fouling (Veríssimo et al., 2006). In contrast, the surfaces of the four MLbL-
assembled PAs, with chemistries identical to the ones made by IP, are significantly smoother because 
MLbL is much less dependent on the reactivity, solubility and diffusivity of the monomer species 
(Figure 5.4b).  
 
 
 
Figure 5.4. a) SEM micrographs of the PA selective layer surfaces fabricated via IP. b) SEM 
micrographs of the PA selective layer surfaces fabricated via MLbL with 15 deposition cycles. The 
scale bar for all the micrographs is 1 µm.  
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5.3.2  Chemical properties 
 
Table 5.1 summarizes the XPS atomic contents of the PA selective layers prepared by IP and MLbL. 
Chemical compositions represented by the O/N ratio are nearly identical regardless of PA chemistry 
for the MLbL-assembled PAs. However, the O/N ratios for the IP-assembled PAs vary depending on 
the PA chemistry (Tang et al., 2009). Combined with the morphological analysis, these results 
demonstrate the uniqueness of MLbL, which is the ability to consistently fabricate PAs with polymer 
network structure and surface roughness that are independent of the specific PA chemistry (Figure 
5.5).  
 
 
Table 5.1. XPS atomic contents of the IP- and MLbL-assembled PA selective layers. Each of the 
MLbL-assembled PA selective layers is made with 15 deposition cycles. 
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Figure 5.5. XPS atomic contents of the IP- (a,b,c) and MLbL(d,e,f)-assembled PA selective layers. 
Each of the MLbL-assembled PA selective layers is made with 15 deposition cycles. 
 
 101 
 
5.3.3  Performance depending on MLbL cycle number and amine monomer type 
 
To compare the TFC membrane performance between the two approaches, we evaluated their 
performance via crossflow filtration using a sodium chloride (NaCl) solution (2,000 ppm). Figure 5.6 
is a summary of the water flux (Jw) and NaCl rejection (Rs) of the MLbL TFC membranes as a 
function of the MLbL cycle number (x). The results show that membrane performance is controlled 
by the MLbL cycle number for all four PA systems with the exception of P(DDTA). Using 
P(mPDTA) as an example, increasing the MLbL cycle number leads to a progressive decrease in the 
water flux and a progressive increase in the NaCl rejection. Both of these trends with the MLbL cycle 
number are consistent with our previous work on the MLbL-assembled P(mPDTA) TFC membranes 
(Kwak et al., 1999).  
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Figure 5.6. Water flux and NaCl rejection of the MLbL-assembled PA TFC membranes as a function 
of the MLbL cycle number. The closed symbols correspond to the water flux and the open symbols 
correspond to the salt rejection. The black circle symbols are the TFCs without the MLbL PA layer. 
The curves are fits to the water flux data and NaCl rejection data using Equations (5.5) and (5.8), 
respectively. 
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The observed performance trends with the MLbL cycle number can be quantitatively explained 
based on modified forms of mass transport equations used to describe TFC membranes used in RO 
applications. For an applied pressure (∆𝑝) exceeding the osmotic pressure (∆𝜋) of the NaCl solution, 
the water flux of the polyelectrolyte LbL interlayer (𝐽𝑤,0) and MLbL (𝐽𝑤,𝑥) TFC membranes can be 
described by a simplified resistance-in-series water permeation model (Gu et al., 2013, Chan et al., 
2014),  
𝐽𝑤,0 ≈
∆𝑝−∆𝜋
𝐴0
−1     (5.3a) 
𝐽𝑤,𝑥 ≈
∆𝑝−∆𝜋
𝐴𝑥
−1+𝐴0
−1    (5.3b) 
 
where the subscript x denotes the MLbL cycle number. The apparent water permeability coefficients 
of the LbL (𝐴0) and MLbL (𝐴𝑥) TFC membranes are related to the layer thicknesses (ℎ0, ℎ𝑥) and 
water permeabilities  (𝑃𝑤,0, 𝑃𝑤,𝑥) (Geise et al., 2014),  
 
𝐴0 =
𝜈𝑤
𝑅𝑇
𝑃𝑤,0
ℎ0
     (5.4a) 
𝐴𝑥 =
𝜈𝑤
𝑅𝑇
𝑃𝑤,𝑥
ℎ𝑥
     (5.4b) 
 
where 𝜈𝑤  is the molar volume of water, 𝑅  is the gas constant, and 𝑇  is the temperature. 
Substituting Equations (5.3a), (5.4a) and (5.4b) into Equation (5.3b) yields the following expression 
for 𝐽𝑤,𝑥. 
 
𝐽𝑤,𝑥 = 𝐽𝑤,0 (1 +
𝑃𝑤,0ℎ𝑥
𝑃𝑤,𝑥ℎ0
)
−1
  (5.5) 
 
The resistance-in-series model also describes the NaCl rejection because it is a function of the water 
flux (Baker, 2004). The NaCl rejection values of the LbL (𝑅𝑠,0) and MLbL (𝑅𝑠,𝑥) TFC membranes are 
defined as, 
 
𝑅𝑠,0 =  
100%
1+𝐵0𝐽𝑤,0
−1       (5.6a) 
𝑅𝑠,𝑥 =
100%
1+
𝐽𝑤,𝑥
−1
𝐵0
−1+𝐵𝑥
−1
    (5.6b) 
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The apparent NaCl permeability coefficients of the LbL (𝐵0) and MLbL (𝐵𝑥) TFC membranes are 
related to the layer thicknesses and NaCl permeabilities (𝑃𝑠,0, 𝑃𝑠,𝑥) (Geise et al., 2014),  
 
𝐵𝑜 =
𝑃𝑠,𝑜
ℎ𝑜
     (5.7a) 
𝐵𝑥 =
𝑃𝑠,𝑥
ℎ𝑥
     (5.7b) 
 
Substituting Equations (3), (4a), (5a) and (5b) into Equation (4b) yields the following expression for 
𝑅𝑠,𝑥. 
 
𝑅𝑠,𝑥 = 𝑅𝑠,0 (1 +
𝐽𝑤,0ℎ0
𝑃𝑠,0
) (
1+𝑃𝑤,0ℎ𝑥 𝑃𝑤,𝑥ℎ0⁄
1+𝑃𝑠,𝑜ℎ𝑥 𝑃𝑠,𝑥ℎ0⁄
+
𝐽𝑤,0ℎ0
𝑃𝑠,0
)
−1
   (5.8) 
 
 
We use Equations (5.5) and (5.8) to describe the changes in the water flux and NaCl rejection of the 
MLbL-assembled TFC membranes with the MLbL cycle number. To fit these expressions with the 
results presented in Figure 5.6, we reduced the number of fitting parameters by assuming that 
𝐽𝑤,𝑜, 𝑅𝑠,0, 𝑃𝑤,0, 𝑃𝑤,𝑥, 𝑃𝑠,0, 𝑃𝑠,𝑥 and ℎ0 should be constants that are independent of the MLbL cycle 
number. Thus, the MLbL layer thickness is the only variable that scales with the cycle number 
because it increases at a constant rate (ℎ𝑥 = 𝑟𝑥, where r is thickness increment per MLbL cycle) (Gu 
et al., 2013). With the exception of the semi-aromatic P(DDTA), the close agreement between the fits 
with the experimental data for the fully-aromatic P(pPDTA), P(mPDTA) and P(oPDTA) suggests that 
our assumptions of the fitting parameters are reasonable, but more importantly, supports our claim 
that MLbL facilitates independent control over intrinsic and extrinsic properties of PA TFC 
membranes, which is not achievable by conventional IP. 
The exceptional water flux performance of P(DDTA) can be explained by the diamine monomer 
structure (piperazine, PIP) because the reactivity of this monomer affects its network structure and 
hence the layer growth rate. Compared with the other stiff aromatic diamine monomers, the higher 
chain flexibility of aliphatic PIP increases the propensity to form macrocycles that hinders the 
subsequent crosslinking reaction between PIP and TMC, making the MLbL film growth unfavorable 
(Lomadze et al., 2010). This hypothesis is consistent with the membrane performance results where 
the flux and NaCl rejection remain essentially unchanged after the first MLbL.  
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5.3.4  Relationship between the rejection and flux  
 
Figure 5.7 is a summary of the NaCl rejection versus water flux for all the TFC membranes 
investigated. The results show an inverse relationship between the NaCl rejection and water flux. This 
trend is commonly observed in water desalination membranes and is often referred to as “performance 
trade-off”, where an increase in the water flux results in a decrease in salt rejection (Geise et al., 2014, 
Kong et al., 2010). Evaluating only the IP-assembled TFC membranes, the results show that the 
membrane performance strongly depends on the support type (pristine PAN/HPAN) as well as 
monomer chemistry (Huang et al., 2013, Ghosh et al., 2008a, Klaysom et al., 2013b, Jimenez-
Solomon et al., 2013, Singh et al., 2006). The fully-aromatic P(pPDTA) exhibited higher rejection 
than the semi-aromatic P(DDTA) with the same isomeric position of the diamine, which is consistent 
with the previous report showing that higher aromaticity and thus increased chain stiffness imparts 
better selectivity (Kim et al., 2000). Among the fully-aromatic PAs, the P(mPDTA) exhibited the 
highest NaCl rejection, suggesting that the same isomeric positions (meta) of the reactive groups of 
diamine and the triacid chloride on aromatic rings result in the denser and more selective PA structure  
(Kwak et al., 1999, Kim et al., 2000, Roh et al., 1998) . Regarding the effect of the support type, IP on 
a HPAN typically resulted in lower salt rejection, while exhibiting higher water flux than that on a 
PAN. This result is in good agreement with previous studies that showed IP on a more hydrophilic 
support often produces a TFC membrane with a higher flux but a lower rejection due to the difficulty 
in creating a defect-free PA selective layer (Ghosh et al., 2008a, Klaysom et al., 2013b) . Hence, the 
IP-assembled P(DDTA) on a HPAN has the lowest NaCl rejection (R = 3.8 % ± 2.1 %) and the 
highest water flux (Jw = 720.5 L m
-2
 h
-1 
± 59.4 L m
-2
 h
-1
) whereas the IP-assembled P(mPDTA) on a 
PAN has the one of the highest NaCl rejection (R = 96.0 % ± 0.7 %) but the lowest water flux (Jw = 
9.0 L m
-2
 h
-1 
± 0.6 L m
-2
 h
-1
). The performances of the other IP-assembled TFC membranes span 
between these two limits. The results clearly show that the IP-assembled TFC membranes have 
widely varying performance without any systematic trends with the PA chemistry nor support 
structure. These results are consistent with most of the IP-assembled TFC membranes where there is 
very little control over membrane performance because of the difficulty in controlling the various PA 
properties separately.   
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Figure 5.7. Plot of NaCl rejection versus water flux for all the TFC membranes investigated. Closed 
symbols correspond to the MLbL-assembled PA TFCs. The arrow indicates the change in the 
performance of the MLbL-assembled PAs with increasing MLbL cycle number. Open symbols 
correspond to the IP-assembled PA TFCs prepared on PAN (smaller symbols) and HPAN (larger 
symbols) supports. 
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With the exception of semi-aromatic P(DDTA), the MLbL-assembled TFC membranes clearly show 
a systematic change in the performance by simply varying the MLbL cycle number for each PA 
system. The results for the fully-aromatic P(pPDTA), P(mPDTA) and P(oPDTA) show consistent 
“performance trade-offs” with MLbL cycle number. The increase in the NaCl rejection results in a 
progressive decrease in the water flux (Figure 5.6), which is primarily attributed to the increase in the 
PA layer thickness with the MLbL cycle number. The key distinction between these PAs is the 
maximum attainable NaCl rejection, which is ultimately linked to the materials properties of the 
specific PA (Wang et al., 2013, Kwak et al., 1999, Li et al., 2008, Juhn Roh, 2003, Kim et al., 2000, 
Liu et al., 2009). The full aromaticity and meta-positioning of the functional groups of P(mPDTA) 
results in the highest NaCl rejection among the MLbL-assembled PAs, similar to the results for the 
IP-assembled PAs. Importantly, all the fully-aromatic MLbL-assembled PAs show higher NaCl 
rejection values than the IP-assembled PAs, which strongly suggests that MLbL facilitates the 
formation of PA selective layers with higher average crosslink densities. Importantly, not only does 
the MLbL-assembled P(mPDTA) have a higher NaCl rejection (R = 98.2 % ± 0.6 %), but water flux 
(Jw = 23.0 L m
-2
 h
-1
 ± 4.8 L m
-2
 h
-1
) is over 2.5 times greater than the IP-assembled P(mPDTA) (R = 
96.0 % ± 0.7 %, Jw = 9.0 L m
-2
 h
-1
 ± 0.6 L m
-2
 h
-1
). This improvement is significant as it equates to a 
2.5 times increase in energy reduction because of the direct relationship between the water flux and 
applied pressure. Another interesting result is that the maximum attainable NaCl rejection of the 
MLbL-assembled P(oPDTA) is 73.2 % ± 0.2 %, which is over 4 times higher than that of the IP-
assembled counterpart (16.8 % ± 2.8 %) and further highlights the advantageous attributes of MLbL. 
While Figure 5.7 is useful for evaluating the performance between the various membranes, it is 
difficult to understand the role of PA chemistry and structure on membrane transport because water 
flux and NaCl rejection are the industry-defined descriptors of membrane performance that depend on 
the particular measurement conditions. Instead, material properties including water permeability, salt 
permeability and permselectivity are more appropriate descriptors of membrane transport because 
these properties are intrinsic to the particular PA (Ghosh et al., 2008a).  
The water permeability of dense TFC membranes is related to the water flux as defined by Equations 
(5.3) and (5.4).  
 
𝑃𝑤 =
𝐽𝑤
(∆𝑝−∆𝜋)
𝑅𝑇ℎ
𝜈𝑤
    (5.9) 
The salt permeability of dense water desalination membranes is related to the salt flux (𝐽𝑠 =
𝑃𝑠∆𝑐𝑠 ℎ⁄ ), which can be calculated from the measured values of water flux and NaCl rejection 
(𝐽𝑠 = 𝐽𝑤∆𝑐𝑠((100% 𝑅𝑠⁄ ) − 1)).   
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𝑃𝑠 = 𝐽𝑤ℎ (
100%
𝑅𝑠
− 1)   (5.10) 
 
Permselectivity (𝛼) is a dimensionless quantity that is defined as the ratio of the water permeability 
to the salt permeability (Geise et al., 2014).  
 
𝛼 =
𝑃𝑤
𝑃𝑠
     (5.11) 
 
 
5.3.5  Thickness of PA-based membrane 
 
Calculating these intrinsic properties require information about the PA layer thickness. Determining 
the thickness of the MLbL-assembled PAs is straightforward since these materials have minimal 
surface roughness (Johnson et al., 2012a, Gu et al., 2013, Chan et al., 2012, Chan et al., 2013), and the 
thickness of these layers was calculated based on our previous works on the growth rate of the 
particular PA as a function of the MLbL cycle number (Gu et al., 2013, Chan et al., 2012, Chan et al., 
2013) . In contrast, there is a significant degree of uncertainty in determining the thickness of the IP-
assembled PAs due to their high surface roughness. As a first order approximation, the thickness of 
the IP-assembled PAs was determined by measuring the average sample cross-section via 
transmission electron microscopy (Figure 5.8). The water permeabilities, salt permeabilities and 
permselectivities for all the TFC membranes are then calculated using Equation (5.9), (5.10) and 
(5.11), respectively.  
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Figure 5.8. Cross-sectional TEM micrographs of the IP-assembled PA selective layers fabricated on 
(a) the pristine PAN and (b) hydrolyzed PAN (HPAN) supports. The four PA systems are 
poly(diethylenediamine trisamide) (P(DDTA)), poly(p-phenylenediamine trisamide) (P(pPDTA)), 
poly(m-phenylenediamine trisamide) (P(mPDTA)), and poly(o-phenylenediamine trisamide) 
(P(oPDTA)). The scale bar for all the micrographs is 200 nm.  
 
 
5.3.6  The intrinsic transport properties of PA-based membranes 
 
We evaluate the intrinsic transport properties of the TFC membranes in the form of a “performance 
trade-off” plot by comparing the permselectivity versus the water permeability (Figure 5.9). The 
results illustrate the vast and random variation in the transport properties of the IP-assembled TFC 
membranes with PA chemistry and support type. Importantly, the fully-aromatic IP-assembled PAs 
exhibited inferior permselectivity to the MLbL-assembled counterparts.  
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Figure 5.9. Plot of permselectivity versus water permeability, which is commonly referred to as 
“performance trade-off” plot, for all TFC membranes investigated. The arrow indicates the change in 
the performance with increasing MLbL cycle number. Open symbols correspond to the IP-assembled 
PA TFCs prepared on PAN (smaller symbols) and HPAN (larger symbols) supports. 
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The “performance trade-off” plot sheds several insights into the properties of the MLbL-assembled 
TFC membranes. First, the permselectivity for all three fully-aromatic PAs increases with the MLbL 
cycle number and thus PA layer thickness (Figure 5.9). Since the water permeability does not decrease 
significantly with the MLbL cycle number, the results indicate that the salt permeability decreases 
quite significantly and spans up to 2 orders of magnitude depending on the particular PA. This effect 
of layer thickness on salt permeability is an interesting one because it is separate from the effect of 
layer thickness on hydraulic resistance. Possible mechanisms for this significant reduction in salt 
permeability include increase in the charge and crosslink density of the PA selective layer, both of 
which will be explored in detail in a future contribution. Additionally, this control of the intrinsic 
properties has not been explored because of the inherent limitation of IP in controlling the PA layer 
thickness. The origins for the changes in both water and salt permeabilities can be attributed to the 
weak dependence of the diffusion coefficient and solubility with initial MLbL cycle number where the 
PA network structure is an incomplete one. These coefficients were assumed to be independent of the 
MLbL cycle number in order to simplify Equation (5.5) and Equation (5.8) that were used to explain 
the results in Figure 5.6. To a first order approximation, these equations are still valid for describing 
the performance of the MLbL TFC membranes since these results simply suggest that the water and 
salt permeabilities as well as the PA layer thickness scale with the MLbL cycle number. Second, the 
permselectivity of P(mPDTA) is intrinsically superior when compared to the other three MLbL-
assembled PAs, further confirming that the aromatic monomer pairs with the same isomeric position 
(meta-positioned) of the functional groups result in the optimum molecular structure that exhibits the 
best permselectivity (Kwak et al., 1999, Kim et al., 2000, Roh et al., 1998) . This reinforces the notion 
that P(mPDTA)-based TFC membranes are the state-of-the-art selective layers for seawater 
desalination (Elimelech and Phillip, 2011, Geise et al., 2010) . Third, the performance of P(DDTA) 
cannot be described by the solution-diffusion model. The permselectivity results from the 
performance trade-off plot (Figure 5.7), along with the water flux and NaCl rejection data (Figure 5.6) 
suggest that the performance of P(DDTA) does not scale with the MLbL cycle number. The 
aforementioned inefficient MLbL film growth for P(DDTA) could account for the deviation from 
prediction according to the solution-diffusion model. Our result is not too surprising given the 
literature precedence suggesting that the transport mechanism of NF-grade P(DDTA) TFC membranes 
involves both solution-diffusion and pore flow models (Zhang et al., 2009).  
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5.4  Conclusion 
 
We have demonstrated that MLbL enables fabrication of various PA-based water desalination 
membranes with well-defined and deconvoluted intrinsic and extrinsic properties. Our results show 
that controlling the selective layer thickness, roughness and chemical composition is critical to water 
desalination performance. The MLbL approach provides a rational and tailor-made approach to 
designing water desalination membranes that can satisfy the performance requirements for a particular 
application. More importantly, MLbL enables fabrication of model materials that allows one to gain 
insights into the transport mechanism as well as the key polymer properties that control transport in 
water desalination membranes. One other subtle but important attribute of MLbL is that it is an all 
organic solvent synthesis, which implies that MLbL is not limited to the current set of triacid chloride 
and diamine monomer chemistries. Scalability remains the primary drawback for MLbL since the 
slow growth rate of the selective layer is not practical for commercial implementation. Work is 
currently underway to explore the use of multifunctional monomers that can significantly improve the 
growth rate of the selective layer while maintaining the key attributes of MLbL.         
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CHAPTER VI 
CONCLUSIONS 
 
 
 
 
This study focused on characterizing the performance of PA membrane fabricated IP and Molecular 
Layer-by-Layer (MLbL) assembly for desalination. PA RO membranes are sensitive to fouling and 
liable to be degraded by disinfectant for weakening fouling due to their physicochemical properties. 
The main surface properties of PA membrane fabricated via IP with roughness and ridge-and-valleys 
surface were investigated through SEM and AFM. The valleys on this rough surface is likely to 
capture small foulants, blocking membrane surface and accumulating on it and as a result of that 
decreasing water flux (Vrijenhoek et al., 2001). 
This research presents a comprehensive study on a performance behavior of PA membrane and 
chlorination conditions for RO process. The effects of chlorine treatment methods, pressurized or 
unpressurized condition, pH and concentration, were carried out with chlorine species penetrating 
across membrane. The performance change of the PA membrane due to the chlorination was 
investigated in an unpressurized and pressurized mode. Chlorination in an unpressurized mode 
showed a flux increase at high pH and a flux decline at low pH due to the compaction and swelling of 
the PA chains, respectively. On the other hand, chlorination performed in a pressurized mode 
decreased the water flux in both acidic and alkaline conditions, showing that compaction is 
overwhelming compared to swelling. The permeability of HOCl, through the membrane was almost 
the same as the recovery (28.6%) of the membrane system in the range of pH 4-10, implying that the 
permeability was pH independent. Chlorine species passing through the membrane by convection 
flow in the pressurized mode accelerated the membrane chlorination and deterioration. On the other 
hand, most of the OCl ions were repelled from the membrane and, thus, remained in the retentate. The 
swelling phenomenon that occurred during the chlorination at high pH increased the flux in an 
unpressurized mode, but it was suppressed in the pressurized mode. The performance results were 
consistent with the FTIR spectra.  
 
This study demonstrated the successful fabrication of PA RO membrane via MLbL approach which 
can produce the selective layer with well-defined structure, minimal roughness and smooth surface. 
With the selective layer itself, the interface between the selective layer and the support layer is known 
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to affect the subsequent membrane performance and therefore, understanding the effect of interlayer is 
critically important to achieve the desirable separation performance. The MLbL-assembled PA 
membrane formed directly on both the pristine and the hydrolyzed polyacrylonitrile (PAN) supports 
exhibited undesirable separation performance mostly due to the deposition of monomers within open 
pores of the support, necessitating the existence of the interlayer. To effectively assemble the MLbL 
layer on a porous support, the interlayers were introduced on supports: interfacially polymerized PIPA 
with different TMC concentrations and PEI-based interlayers. PIPA interlayers with different TMC 
concentrations elucidated that high density carboxylic functional groups on the interlayer surface 
could be a key foundation leading to more rapid growth of MLbL assembled PA layer. PEI-based 
interlayers showed smooth and uniform surface and produced the highly smooth MLbL PA selective 
layer on them. The best performance of the MLbL-assembled membrane on PEI/PAA interlayer was 
clarified to be due to higher density of the carboxyl groups on the PEI/PAA surface. PEI/PAA 
interlayer was gratified as an appropriate interlayer for fabricating PA membrane via MLbL assembly 
applicable to RO. 
 
Third research describes a new approach to fabricate highly permeable, low-fouling RO membranes 
via MLbL that enables the rational design of PA selective layers. The key attribute of MLbL is that it 
provides a straightforward means to control selective layer thickness, roughness, and chemical 
composition at the molecular level, which are characteristics critical to membrane performance. While 
optimization will provide further enhancement, this results show for the first time that MLbL enables 
the creation of ultrathin, defect-free selective layer with minimal roughness, achieving improved 
permselectivity and enhanced antifouling compared to traditional interfacially polymerized 
membranes. Additionally, the structure and function of the fabricated multilayered membrane could 
be further varied through changing monomer chemistry and incorporating functional nanomaterials. 
The versatility of this MLbL approach potentially offers a new pathway in the design of a wide range 
of nanoscale assemblies.  
 
The ability to independently control the extrinsic and intrinsic properties of the PA selective layer is 
essential for designing water desalination RO membranes with performance characteristics required 
for water purification applications besides seawater desalination. Current commercial water 
desalination membranes fabricated via the well-established IP approach yields materials that are far 
from ideal because their layer thickness, surface roughness, polymer chemistry and network structure 
cannot be separately tailored. In this work, tailor-made PA-based water desalination membranes based 
on MLbL assembly are presented. These MLbL-assembled membranes exhibit significant 
enhancements in performance compared to their IP-assembled counterparts. A maximum water 
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permeance of 1.48 L m
-2
 h
-1
 bar
-1
 with sodium chloride rejection of 98.2 % is achieved, which is over 
2.5 times higher water flux than that of the IP-assembled counterpart. More importantly, this work 
demonstrates the broad applicability of MLbL in fabricating a variety of PA-based water desalination 
membranes with nanoscale control of the selective layer thickness and roughness independent of the 
specific PA chemistry.  
 
The largest contribution to this work may be new approach method for the fabrication of PA 
membrane. The conventionally PA membranes are fabricated by IP through uncontrolled reaction 
between amine and acyl chloride functional groups, producing rough and ridge-and-valley surface 
structure willing to make a fouling. The MLbL assembly could produce smooth surface PA membrane 
with enhanced fouling resistance and tunable functional groups.  
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